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ABSTRACT 
Design and Synthesis of Novel Nucleotide Analogs and Protein Conjugates  
for DNA Sequencing 
Wenjing Guo 
 
Sequencing by Synthesis (SBS), a DNA sequencing methodology based on the DNA 
polymerase reaction, is a promising paradigm for deciphering large-scale genomes.  
This thesis describes the design and synthesis of a variety of nucleotide reversible 
terminators (NRTs) with different characteristics. One set of NRTs possesses a phosphate moiety 
attached to the 2’ position of the sugar to block further incorporation in polymerase reaction, 
with the potential for fluorescent tag attachment at the same site or on the base through a 
cleavable linker for detection. The other set of NRTs possesses an azido-methyl moiety that 
blocks the 3’-hydroxyl group for detection by surface-enhanced Raman scattering. Each NRT 
has been tested in proof-of-principle SBS experiments. In addition, a set of 5’-phosphate tagged 
nucleotides has been developed and tested for nanopore electronic detection. 
A new set of NRTs, 2’-O-monophosphate 3’-hydroxyl nucleoside 5’-triphosphates (2’-P-
NTPs) has been synthesized and its application for SBS has been investigated (chapter 2). These 
NRTs contain a phosphate at the 2’ position of the sugar ring, which serves as the removable 
capping group during the polymerase reaction.  This moiety is positioned close to the 3’-
hydroxyl group so as to block further nucleotide incorporation in the polymerase reaction. It 
nonetheless should allow improved binding to the polymerase relative to nucleotides with 
blocking groups at the 3’ position, since polymerases have strict requirements for the 3’-OH 
binding pocket.  2’-P-NTPs can be incorporated into the growing nucleic acid strand at 
temperatures ranging from 37oC to 65oC with Stoffel fragment modified 19 (SfM19) polymerase.  
After incorporation, the phosphate capping moiety on the 2’ position of the DNA extension 
product can be efficiently removed by enzymatic phosphatase reaction permitting the next 
incorporation step. Fluorescently labeled 2’-P-NTPs have the potential for sequencing DNA and 
direct sequencing of RNA-like templates. 
As an alternative to fluorescence-based SBS, a Raman spectroscopy detection method 
was developed using an azido moiety (N3) as both a 3’-OH blocking group and a label with an 
intense, narrow and unique Raman shift at 2125 cm-1, where virtually all biological molecules 
are transparent (chapter 3). First the four 3’-O-azidomethyl nucleotide reversible terminators 
(N3-dNTPs) were demonstrated to produce surface enhanced Raman scattering (SERS) at 2125 
cm-1. These 4 nucleotide analogues were used as substrates for the polymerase to perform a 
complete 4-step SBS reaction. SERS was used to monitor the appearance of the azide-specific 
Raman peak at 2125 cm-1 as a result of polymerase mediated primer extension by a single N3-
dNTP and disappearance of this Raman peak upon cleavage of the azido label to permit the next 
nucleotide incorporation, thereby determining the DNA sequence. Due to the small size of the 
azido label, the N3-dNTPs are efficient substrates for the DNA polymerase. In the SBS cycles, 
the natural nucleotides are restored after each incorporation and cleavage, producing a growing 
DNA strand that bears no modifications and will not impede further polymerase reactions. Thus, 
with further improvements in SERS for this moiety, this approach has the potential to provide an 
attractive alternative to fluorescence-based SBS. 
Chapter 4 describes the design, synthesis and characterization of a new set of 5’-
phosphate labeled nano-tag nucleotides (NTNs) for single molecule electronic SBS by nanopore 
detection. Four modified oligonucleotide polymers that produce distinct electrical current 
blockade signals in nanopores were designed as the nano-tags.  While most of the NTNs flow 
rapidly through the pore, those complementary to the nucleotide on the DNA template are 
captured by the polymerase and will have at least 10-fold longer dwell times in the pore, which 
affords enough time for measuring and discriminating the signals. Since the nano-tags are 
automatically removed during the polymerase extension reaction in real time, only natural DNA 
strands are produced.  Thus this SBS method should decrease the overall sequencing time and 
increase the read length.  
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Chapter 1. Introduction to DNA Sequencing Technologies 
DNA sequencing is the process of determining the sequential order of nucleotides of a 
DNA strand. The sequence of DNA encodes genetic information, much of which is transcribed 
and some of which is then translated into proteins to direct the functioning of living organisms. 
To determine sequence of a DNA segment is to decipher the perplexing code formed by specific 
order of the nucleotides, hence, to lay the foundation for unraveling its specific function in the 
evolution of organisms, their physiology and the development of disease.  
Three decades have passed since the invention of the Sanger biochemistry [1,2] for DNA 
sequencing. The growth in demand for cost-effective sequencing has been increasing 
exponentially.  Various novel sequencing technologies have been or still are in the process of 
being developed, each aspiring to reduce costs and improve accuracy to a point at which the 
genomes of individual humans could be sequenced as part of routine health care. In this chapter, 
I give a brief introduction to DNA and review several key sequencing technologies.  
 
1.1.  DNA structure and polymerase reaction 
Deoxyribonucleic acid (DNA) is a double helical molecule composed of deoxyribonucleotide 
units. The building blocks that are connected together to form DNA are commonly called 
deoxyribonucleoside 5’-triphosphates (dNTPs) as shown in Fig 1.1. Each nucleotide unit 
consists of a nitrogenous base, a sugar, and a phosphate group[1]. Genetic information is stored in 
the bases of DNA molecules while the sugar and phosphate groups provide the structural 
backbone. The sugar in a deoxyribonucleotide is 2'-deoxyribose, a derivative of the five-
membered ribose ring. There are four different nitrogen-containing nucleobases, adenine (A), 
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guanine (G), cytosine (C), and thymine (T).  The first two, A and G, are purine derivatives while 
the latter two, C and T, are pyrimidines.  
 
Figure 1. 1.  Chemical structures of 2’-deoxyribonucleoside triphosphates (dNTPs): 2’-deoxyadenosine-
5’-triphosphate (dATP), 2’-deoxycytidine-5’-triphosphate (dCTP), 2’-deoxyguanosine-5’-triphosphate 
(dGTP) and 2’-deoxythymidine-5’-triphosphate (dTTP). Each nucleotide is composed of a base (adenine, 
guanine, cytosine or thymine), a deoxyribose sugar and phosphate groups. 
  
 
In the double helix structure, adenine is always paired with thymine, and guanine with 
cytosine, which is called “Watson and Crick base-pairing” or “complementary base-pairing”. 
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The nucleotides are covalently bound to each another in a chain between the sugar of one 
nucleotide and the phosphate of the next resulting in an alternating sugar-phosphate backbone.  
The flow of genetic information within a biological system is explained by the central dogma 
of molecular biology[2,3]. DNA replication takes place during cell division to transmit the entire 
genome to the new daughter cell, where the DNA is transcribed into RNA and further translated 
into amino acids to form proteins.  
Inspired by the DNA replication process, a template-directed event in which DNA 
polymerase accurately catalyzes the addition of complementary nucleotides to the 3' end of a 
growing DNA strand is referred to as DNA synthesis (Fig. 1.2). It takes place through the 
addition of a nucleotide to the 3'-OH end of a DNA primer strand. The base pairing between the 
incoming nucleotide and a specific nucleotide in the DNA template strand dictates which 
nucleotide is added. DNA polymerase facilitates the addition of the incoming nucleotide by 
catalyzing the formation of a phosphodiester bond between the 3'-OH of the primer and the α 
phosphate of the incoming nucleotide. A pyrophosphate (PPi) is released as a by-product.  This 
is also the foundation for the first chain-termination sequencing technology, Sanger sequencing, 
which was the beginning of the journey to make individual human sequencing part of routine 
health care.    
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Figure 1. 2.  Scheme of DNA polymerase reaction: DNA synthesis takes place through the addition of a 
nucleotide to the 3'-OH end of a DNA primer strand. The base pairing between the incoming nucleotide 
(dTTP shown in figure) and the DNA template determines which nucleotide is added. DNA polymerase 
catalyzes phosphodiester bond formation between the 3'-OH of the primer and the α-phosphate of the 
incoming nucleotide to facilitate the elongation of the DNA primer. A pyrophosphate (PPi) is released as 
a by-product. From Cooper, N. G. The human genome project: deciphering the blueprint of heredity. Mill 





1.2.  Sanger Sequencing 
For the past 30 years, the Sanger method[1, 2, 5, 6, 7] has been the dominant approach and 
gold standard for DNA sequencing.  In 1975, Sanger and colleagues developed the technology of 
sequencing by chain termination with gel-based size separation of the base-specific terminated 
DNA fragments. The method is based on the polymerase reaction, and requires a single-stranded 
DNA template, a DNA primer, DNA polymerase, natural nucleotides, and modified nucleotides 
that terminate DNA strand elongation.  
In the early version, DNA samples were divided into four tubes for conducting separate 
polymerase reactions. Each contained the template, a radioactively labeled primer, polymerase 
and four natural nucleotides (dATP, dGTP, dCTP and dTTP), as well as one dideoxynucleotide 
(ddNTP). The dideoxynucleotide, which lacks the 3’-hydroxyl group, terminates the polymerase 
reaction after it is incorporated. A small proportion of the dideoxynucleotides in the mixture of 
dNTPs can generate all possible terminated DNA fragments and the remaining primers extended 
with single natural nucleotides can continue to elongate. Hence, fragments of various lengths are 
produced with the ddNTP analog. To visualize the different DNA fragments, the newly 
synthesized and labeled DNA fragments are denatured, and separated by size with single 
nucleotide resolution by gel electrophoresis on a denaturing polyacrylamide gel. Four such sets 
of chain-terminated fragments, one for each dideoxy analog, were electrophoresed in separate gel 
lanes, and the base sequence of the new DNA was determined from the autoradiogram of the 
four lanes.  
A significant change in the scalability of DNA sequencing was introduced by Applied 
Biosystems, Inc. (ABI) in 1986[8], with a commercialized fluorescent DNA sequencing 
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instrument. Four different fluorophores were used, one for each of the base-specific reactions. 
This instrument used a raster scanning laser beam crossing the surface of the gel plates to excite 
the DNA products extended by distinctly labeled fluorescent primers and detected during the 
electrophoretic separation of fragments.  It eliminated massive manual work and hazardous 
radioisotopic labeling, and all four reactions could be combined into a single reaction, 
substantially decreasing the cost of reagents and the input DNA requirements.  
A later version of the chain-terminator method was called “Dye Terminator 
Sequencing”[9-13]. In dye terminator sequencing (Fig 1.3), each of the four dideoxynucleotide 
chain terminators is labeled with a fluorescent dye possessing a different emission wavelength. 
The sequencing is performed in a single tube reaction, rather than the four separate reactions 




Figure 1.3.   Schematic view of Sanger dideoxy chain-termination sequencing method: DNA fragments 
are generated by extending the primer with either natural dNTPs or fluorescently labeled 
dideoxynucleoside triphopshates (ddNTPs). Upon incorporation of a ddNTP, the DNA strand is 
prohibited from further extension due to the lack of the 3’-OH group. Thus, a mixture of DNA strands 
with different lengths complementary to the template DNA is produced. The sequence of the template is 
determined by separating these DNA fragments based on size by electrophoresis, and the resulting DNA 
fragments are detected by the fluorescent signals associated with the terminal fluorescently labeled 
ddNTPs. 
 
Another milestone for automated sequencing was the development of fluorescence 
resonance energy transfer (FRET) dyes in 1995[14], which increased the sensitivity of DNA 
detection. The detection sensitivity is limited by the spectroscopic properties of the available 
dyes for labeling the sequencing fragments. All four fluorescent pairs have a common donor, 
which can be excited by a 488nm laser.  Fluorescence resonance energy transfer dyes greatly 
enhanced the throughput, accuracy, robustness and detection sensitivity of the Sanger sequencing 
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approach. However, this technique faces limitations in both throughput and cost for future 
applications.  
Combined with capillary electrophoresis and a computer-controlled DNA sequence 
analyzer, as well as an improved DNA polymerase, until recently dye terminator sequencing had 
been used for the majority of sequencing projects, and is still utilized for small-scale sequencing 
projects as it is both easier to perform and lower in cost than most previous sequencing methods. 
 The first human genome was completed in 2001 using electrophoresis-based Sanger 
sequencing. It cost approximately $1 billion and took more than 10 years of effort[15-18]. The next 
several years saw the development of 2nd generation and third generation sequencing approaches, 
both massively parallel and single molecule level sequencing. According to the National Human 
Genome Research Institute (NHGRI) website, the cost to determine a megabase (one million 
bases) of DNA at an acceptable quality is around 10 cents[19], bringing whole genome 
sequencing to a few thousand dollars. 
 
1.3.  Ensemble sequencing by synthesis 
 To overcome the limitations of the Sanger electrophoresis-based sequencing technology, a 
variety of new DNA sequencing methods have been investigated with an aim to lowering the 
price, shortening the run time and increasing the sequencing accuracy, in the hope of eventually 
realizing the goal of a $1000 genome[20 - 22]. Most of these require amplification of each template 
molecule on a solid surface, hence the term ensemble sequencing, to be distinguished from single 
molecule sequencing to be described later.  
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1.3.1.  Sequencing by synthesis with cleavable fluorescent nucleotide reversible terminators 
 The core technology of the NGS era is sequencing by synthesis (SBS), which identifies the 
sequence while generating a new DNA strand complementary to the template. Early attempts 
were geared to attach a cleavable fluorescent dye at the 3’-OH group of the dNTPs[23, 24] but 
these could not be recognized as substrates by the polymerase. 
 The SBS approach using fluorescent nucleotide reversible terminators, which was 
developed by Ju and colleagues[25, 26], offers enormous potential for unambiguous high 
throughput DNA sequencing (Fig. 1.4). This approach includes three general steps: 
incorporation, detection (imaging) and deprotection (cleavage)[25-35]. One example of the SBS 
scheme consists of a glass slide with different immobilized DNA templates that are able to self-
prime to initiate the polymerase reaction, four nucleotide analogs each labeled with a unique 
fluorescent dye on a specific location of the base and a small chemical group (R) to block the 3'-
OH group (labeled nucleotide reversible terminators). Upon adding the four nucleotide analogs 
and DNA polymerase, only one nucleotide analog that is complementary to the next nucleotide 
on the template is incorporated by polymerase on each spot of the chip (Step 1, incorporation), 
and the unique fluorescent signal emitted by the specific dye on the nucleotide is identified by a 
4-color fluorescence imager (Step 2, imaging). After imaging, the small amount of unreacted 3'-
OH groups on the self-primed template moiety are blocked with dideoxynucleotides (unlabeled 
nonreversible nucleotide terminators) to avoid interference with the next round of synthesis and 
assure synchronous extension of the ensemble of templates (Step 3, capping). Then the dye 
moiety and the R protecting group are cleaved to generate free 3'-OH groups with high yield 
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(Step 4, cleavage or deprotection). The self-primed DNA moiety on the chip at this stage is 
ready for the next cycle of the reaction to identify the next nucleotide in the template DNA 
sequence (Step 5). 
 
Figure 1.4. Schematic approach for SBS: A set of cleavable fluorescent reversible terminators was used. 
Each nucleotide has a different cleavable fluorescent dye linked to the specific location of the base, and  
the 3’-OH group of the sugar ring is blocked by a small chemical group. After immobilizing different 
self-priming templates on the chip, fluorescent reversible nucleotides are incorporated into the primer 
strand. Because of the 3’ blocking group, the incorporation is temporarily stalled, allowing detection of  
the fluorescent signal for sequence determination. To synchronize reactions, unlabeled non-reversible 
terminators are also used to cap the unreacted primer strand. Then the fluorescent dye and the blocking 




1.3.2.  DNA pyrosequencing 
Based on the sequencing-by-synthesis principle, in 1986, pyrosequencing[36, 37] was first 
described as a bioluminometric DNA sequencing technique that measures the release of 
pyrophosphate (PPi) during DNA synthesis. The PPi is converted into visible light by a cascade 
of enzymatic reactions that result in the oxidation of luciferin. Refinements by Ronaghi et al. 
provided the foundation for the commercial development of pyrosequencing[38-41]. 
The released PPi is immediately used to produce adenosine 5’-triphosphate (ATP) by 
reaction with APS (adenosine phosphosulfate) in the presence of sulfurylase. The generated ATP 
is sensed by luciferase, which catalyzes the decarboxylation of luciferin [2-(6-
hydroxybenzothiazol-2-yl)-2-thiazoline-4-carboxylic acid] in the presence of oxygen to produce 
yellow-green light (λmax = 560 nm)[42]. The nucleotide-degrading enzyme apyrase degrades any 
unused ATP and deoxynucleotides. The presence or absence of PPi, and therefore the 
incorporation or non-incorporation of each nucleotide added, is ultimately assessed on the basis 
of whether or not photons are detected. Because there is only a single signal being measured, the 
four nucleotides have to be added sequentially, one by one, in pyrosequencing. The principle of 





polymerase⎯ → ⎯ ⎯ ⎯ (DNA)n+1 + PPi
PPi + APS sulfurylase⎯ → ⎯ ⎯ ⎯ ATP + SO4
2−
ATP + luciferin +O2
luciferase⎯ → ⎯ ⎯ ⎯ AMP + PPi + oxyluciferin +CO2 + light
dNTP apyrase⎯ → ⎯ ⎯ dXMP + 2Pi
ATP apyrase⎯ → ⎯ ⎯ AMP + 2Pi
 
Figure 1.5. Scheme of pyrosequencing: a bioluminometric DNA sequencing technique that relies on 
detection of PPi released from successful incorporation of nucleotides during DNA synthesis. Millions of 
copies of identical DNA templates are immobilized on one bead. Four kinds of nucleotides are added 
sequentially. In the presence of polymerase, the complementary nucleotide is incorporated into the 
growing primer and a PPi is released. In the presence of sulfurylase, the PPi reacts with APS to produce 
ATP and sulfate by an ester exchange reaction. Then the produced ATP and luciferin react under the 
catalysis of luciferase and energy is released in the form of light. The excess ATP and un-incorporated 
nucleotides of each addition are degraded by apyrase. Based on the detection of light, the sequence of the 
template can be determined[43]. 
 
 Although the pyrosequencing technique is relatively simple and straightforward, there are 
several limitations to the approach. First, pyrosequencing has difficulties in accurately 
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determining the number of incorporated nucleotides in homopolymeric regions of a template, 
because the light signal intensity is not exactly proportional to the amount of PPi released, 
especially when the homopolymeric region has more than five bases[44]. Secondly, during the 
sequencing process, the natural nucleotide dATP is a substrate of luciferase, and can produce a 
false positive signal, which can seriously interfere with the pyrosequencing results. To solve this 
problem, a sulfur-modified nucleotide, 2'-deoxyadenosine-5'-O-(1-thiotriphosphate) (α-S-dATP) 
(Fig. 1.6), which is not a substrate for luciferase, is used in conventional pyrosequencing instead 
of the natural dATP[45]. Unfortunately α-S-dATP can lead to unsynchronized polymerization due 
to its inefficient incorporation relative to the natural nucleotides, especially if the inhibitory Rp 
isomer is present [46]. Thirdly, the process of converting PPi to the light signal might be made 
faster and more sensitive with the use of a different enzyme cascade and substrates. Last but not 
least, there is the possibility of further increasing the attainable read length achievable with 
pyrosequencing.  
 
Figure 1.6.  Chemical structures of dATP and α-S-dATP. 
 
 
To overcome the difficulty in determining the number of bases in homopolymeric regions 
of DNA in pyrosequencing, work has been done in Professor Ju’s lab at Columbia University, 
using 3’-O-blocked dNTPs, such as 3’-O-allyl, 3’-O-(2-nitrobenzyl), and 3’-O-(azido methyl)-
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dNTPs, as reversible terminators for pyrosequencing (their chemical structures are shown in Fig. 
1.7 [44]). This strategy permits the pyrosequencing to be reversibly paused at each base; without 
this advance, one is dependent on the competing speeds of polymerase and apyrase activities and 
the speed of the instrumentation for gathering the light signals, and must precisely control 
concentrations of added reagents accordingly.  
In the pyrosequencing approach, during the polymerase extension reaction, the 3’-OH 
group of the primer attaches to the α-phosphate of the incoming nucleoside triphosphate to 
produce a DNA extension product and release a PPi molecule. The presence of one of the above 
blocking moieties on the 3’-OH of the DNA extension product will temporarily terminate the 
polymerase reaction, the key to accurate sequencing by synthesis. After detection, the blocking 
groups can be efficiently cleaved by either a chemical method or photolysis, and the polymerase 
reaction will resume. DNA templates consisting of homopolymeric regions were accurately 




Figure 1.7.  Structures of nucleotide reversible terminators: 3’-O-allyl-, 3’-O-(2-nitrobenzyl)- and 3’-O-
azido methyl dNTPs[44]. 
 
One of the advantages of using reversible blocking groups in pyrosequencing is that each 
nucleotide in a homopolymeric sequence region can be discretely detected in a separate reaction 
cycle. Absent reversible terminating groups, a primer will be extended all the way through a 
homopolymeric region in a single reaction step if the appropriate nucleotide is present. In 
addition, when the 3’-OH group is modified with a blocking group, luciferase is prevented from 
using 3’-O-modified-dATP as a substrate to produce signals (Fig. 1.8). On the other hand, a 
disadvantage of 3’ modification is that many large blocking groups can inhibit enzyme activity.  
 16 
 
Figure 1.8. Comparison of reversible terminator-pyrosequencing using 3’-O-allyl-dNTPs with 
conventional pyrosequencing using natural nucleotides. (A) The self-priming DNA template with 
stretches of homopolymeric regions (five A, two T, two G, and two C bases) was sequenced by using 3’-
O-allyl-dNTPS. The homopolymeric regions are clearly identified, with each peak corresponding to the 
identity of each base in the DNA template. (B) Pyrosequencing data using natural nucleotides. The 
homopolymeric regions produced one large peak corresponding to the stretch of T bases and three smaller 
peaks for stretches of A, C and G bases. However, it is very difficult to decipher the exact sequence from 
the data [44]. 
 
 
1.3.3.  Sequencing by monitoring pH change  
Besides pyrosequencing which measures the by-product pyrophosphate released during 
nucleotide incorporation, a system that detects the release of a hydrogen ion, which is also a by-
product of nucleotide incorporation, has been developed; it quantifies changes in pH through a 
novel coupled semi-conductor detector. This instrument was commercialized in 2010 by Ion 
Torrent, a company that was later purchased by Life Technologies Corporation[47]. The structure 
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of the Ion Torrent Ion Chip, a bead containing DNA template, and the underlying sensor and 
electronics are presented in Fig. 1.9. The upper surface (in grey) serves as a microfluidic conduit 
to deliver the reactants needed for the sequencing reaction. Protons (H+) are released when 
dNTPs are incorporated into the growing DNA strands, changing the pH of the well (ΔpH). The 
lower surface (sensing layer) of the Ion Chip interfaces directly with the released hydrogen ions 
and translates the amount of released hydrogen ions from each well into a quantitative readout of 
nucleotide bases that were incorporated in each reaction step. This induces a change in surface 
potential of the metal oxide-sensing layer, and a change in potential (ΔV) of the source terminal 
of the underlying field-effect transistor. Just as with pyrosequencing, the nucleotides (dNTPs) are 
added individually in a systematic order because there is no label to provide base-specific 
identity upon incorporation. It also has similar pros and cons as pyrosequencing, such as issues 
decoding homopolymeric regions, which might be eliminated by the use of reversible 





Figure 1.9.  Schematic view of Ion Torrent pH-based sequencing: (a) Structure of the Ion Torrent Ion 
Chip, it measures the changing pH of the well (ΔpH) due to nucleotide incorporation, which in turn 
causes a change in surface potential (ΔQ) in sensing layer, and finally a change in potential (ΔV) of the 
underlying field-effect transistor; (b) protons (H+) are released as a by-product when a nucleotide is 
incorporated.. Figure (a) from Mardis, E. R. Next generation sequencing platforms. Annu. Rev. Anal. 
Chem. 2013, 6, 287 - 303[48].  
 
1.4.  Single molecule sequencing by synthesis  
 The previously demonstrated sequencing methods, both conventional Sanger sequencing 
and the SBS technologies discussed, rely on amplification through PCR to grow clusters of DNA 
templates on solid surfaces. This not only requires additional labor and resources, but also results 
in errors during PCR amplification that lead to incorrect sequencing results[49]. 
Although the advent of next-generation sequencing methods has been a revolutionary 
development in DNA sequencing, there are difficulties associated with sequencing from 
amplified fragment populations. These include the early occurrence of polymerase errors during 
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library construction. Furthermore, DNA modifications, such as different types of DNA 
methylation, are diluted out during the amplification process because this step only copies the 
DNA bases. Therefore, advantages would exist for a platform that could obtain sequence data 
from individual molecules of a DNA isolate. However, there are unique challenges facing single-
molecule (SM) sequencing, largely due to the aspects of signal-to-noise ratio but also related 
directly to the fact that only one molecule per reaction is available for the production of signals 
from nucleotide incorporation. Therefore, the major challenge is to develop detection 
instruments that can accurately interpret the extraordinarily low levels of signal produced from 
an individual molecule as it is being sequenced.   
 
1.4.1.  Single molecule sequencing by synthesis from Helicos BioSciences 
The use of DNA polymerase to obtain sequence information from single DNA molecules 
with fluorescence microscopy detection by Quake et al.[50] was one SM DNA sequencing 
approach (Fig. 1.10). This method used virtual terminator nucleotides (VTNs)[51], where Cy5 
served as the fluorescent marker during the imaging phase of sequencing and could then be 
removed by cleavage of a disulfide bond after the detection and before the next incorporation 
event. Observations of SM fluorescence were made by using a conventional microscope 
equipped with total internal reflection illumination, which reduces background fluorescence, and 
a single pair of fluorescence resonance energy transfer dyes to reject unwanted noise. Up to 
billions of individual molecules were hybridized to primers on the surface allowing high 
coverage. As a result of this depth of coverage and the low rate of base-swapping errors, its 
accuracy for single base variants (SNPs) was fairly reasonable.  
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This SM sequencing technology was developed by Helicos with an aim for whole human 
genome sequencing. But challenges remained as it produced short reads, on average just 32 bases 
long, and a high raw read error rate of 3.6% [52]. 
 
Figure 1.10. The experimental system for SM SBS[50]: (a) Schematic drawing of the optical setup. (b) 
Single-molecule images obtained by the system. (c) Schematic of attachment of the primer template 
complex to the surface of a microscope slide through streptavidin-biotin interactions. Figure from 
Braslavsky, I.; et al, Sequencing information can be obtained from single DNA molecules. Proc. Natl. 
Acad. Sci. USA, 2003, 100, 3960-3964[50]. 
 
1.4.2. Single molecule sequencing by synthesis from Pacific Biosciences 
Another approach to single-molecule sequencing, commercialized in 2010 by Pacific 
Biosciences, Inc., combines two sophisticated technologies: the use of zero-mode waveguides 
(ZMW)[53, 54] and 5’-phosphate labeled fluorescent nucleotides. The dimensions of the ZMW 
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only allows the single fluorescent molecule detection. In order to isolate individual molecules 
using optical approaches, the required concentration of fluorophore is in the pico- to nanomolar 
range. However, polymerase reactions (and many other biologically relevant processes) require 
substrate concentrations in the micromolar range. The Zero Mode Waveguide (ZMW) 
technology contains a large array of subwavelength holes of 70 nm in diameter in a metal film. 
For measurement, polymerases immobilized onto the bottom of the waveguides are mixed with 
solutions that contain the fluorescently tagged nucleotides. The light projects from below, and 
the fluorescence is collected back through the same objective. This enables detection of an 
individual fluorophore on an incorporating nucleotide at the active site of the polymerase against 
a dense background of labeled nucleotides, hence allowing fast and processive enzyme catalized 
DNA synthesis as well as a significantly reduced signal-to-noise ratio (Fig 1.11 a)[55-60]. 
 
Figure 1.11. Principle of Pacific Biosciences’ single-molecule, real-time (SMRT) DNA sequencing: (a) 
with an active polymerase immobilized at the bottom of each zero-mode waveguide (ZMW), nucleotides 
diffuse into the ZMW chamber, reducing the number of fluorescently labeled nucleotides entering the 
detection area at a given time; (b) since the excitation illumination is directed to the bottom of the ZMW, 
nucleotides held by the polymerase prior to incorporation emit an extended signal that identifies the base 
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being incorporated; (c) each of the four nucleotides are labeled on the hexaphosphate with a different 
fluorescent dye having a distinct emission spectrum. Figure (a) and (b) from Eid, J. et al., Science, 2009, 
323, 133-138[58]. 
 
The problem associated with inhibiting DNA polymerization with modified nucleotides that 
carry detection labels was improved by using nucleotides linked to fluorophores through a 5’-
oligophosphate.  Distinguishable fluorophores are covalently linked to the phosphate chain of the 
nucleotide through a phospholinker (Fig 1.11 c). Therefore, the natural form of DNA will be 
regenerated after release of the linker-dye, enabling continuous incorporation during the 
polymerase reaction itself. As shown in Fig 1.11 b, the DNA sequence is determined by 
detecting the fluorescent pulse from the correctly base paired nucleotide binding to the active site 
of the polymerase. The lifetime of the fluorescence detection is controlled by the rate of 
catalysis, and ends after the incorporation is completed, a time much longer than that for 
diffusion and non-cognate nucleotide sampling, allowing correct identification of incorporation 
reactions against the background. The period between each pulse reflects the DNA molecule’s 
translocation and subsequent nucleotide binding. Based on the direct observation of a processive 
DNA incorporation reaction, single-molecule real-time (SMRT) sequencing has the potential for 
continuous observation of DNA synthesis over thousands of bases with a maximum read length 
in excess of 10,000 bp. Chin et al. [61] have successfully employed this technology to sequence 
the whole genome of the pathogen responsible for the recent cholera epidemic in Haiti, the 
Haitian Vibrio cholera outbreak strain. Due to the processivity of the enzyme and regeneration of 
natural nucleotides after sequencing, very long sequences are achievable, making this method a 
powerful means of filling in gaps in genome assemblies caused by repeats. On the other hand, 
there is a limit to the number of ZMWs that can be assembled on a chip, making it a less 
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massively parallel approach than for instance the fluorescent SBS approach based on reversible 
terminators. Furthermore, the current accuracy of a single pass sequence with the SMRT 
technology is below 90%, less than that achievable with all the prior next generation 
technologies.  
 
1.4.3.  DNA sequencing with nanopore detection 
Most next generation DNA sequencing technologies identify nucleotides through light 
emission, which require expensive fluorescence detectors, and most of them require 
amplification of sequencing templates. The next-next or third generation DNA sequencing 
technologies are geared toward SM detection and real time measurement. In addition to the 
Pacific Biosciences SM system which still uses fluorescence detection, the introduction of 
nanopore-based sequencing is a key advance that provides the potential to achieve long reads, 
low cost and high speed SM sequencing.   
The idea of using nanopores for strand DNA sequencing was proposed in the 1990s [62, 63]. 
The principle underlying nanopore strand sequencing is that a single stranded DNA (ssDNA) 
molecule can be electrically driven through a nanoscale pore (1.5-5 nm) (Fig. 1.12) in a strictly 
linear form, preserving the sequential order of the bases, under an applied voltageof the 4 
nucletides (A, C, G, T), presumably resulting in specific changes in electrical signals for 
discrimination (Fig. 1.12).   
The first report with experimental proof of translocation of DNA molecules through a 
biological nanopore, alpha-hemolysin (α-HL), was achieved by Kasianowicz and co-workers [63], 
albeit without sequence information. α-HL, a commonly used nanopore for sequencing, is a 
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protein secreted by Staphylococcus aureus bacteria as a toxin, which forms a heptameric 
nanopore that spontaneously inserts into a lipid membrane (Fig. 1.12). Its structure was 
determined by Song et al. [64] in 1996. The heptameric complex is mushroom-shaped, measures 
100 Å in height and up to 100 Å in diameter. The vestibule of α-HL is wider on the cap side with 
an opening of 26Å diameter and a maximum diameter of 46Å. The vestibule connects to a stem 
measuring 52 Å in height with a constriction site in the lumen of 14Å diameter, which only 
allows single-stranded DNA (ssDNA) or RNA to pass in its linear form, but not double-strand 
DNA (dsDNA) due to its greater width.  Therefore, α-HL could capture the nucleic acids in their 
varied conformations such as hairpins and G-quadruplexes under the applied potential. After 
entering into the vestibule of α-HL, a nucleic acid strand would adjust itself for the successive 
translocation.  
 
Figure 1.12.  Ribbon representations of the α-HL heptamer with each monomer in a different color. (A) 
the side view and (b) the top view of the seven fold axis which is approximately perpendicular to the 
putative membrane plane. The mushroom shaped complex is approximately 100Å tall and up to 100 Å in 
diameter, and the stem domain measures about 52 Å in height and 26 Å in diameter. Approximate 
locations of the cap, rim and stem domains are shown.  Figure from Song, L. et al., Science, 1996, 274, 
1859 -1865 [64]. 
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In a common nanopore device (Fig. 1.13 a), a lipid membrane separates the solution into 
two compartments (termed cis and trans).  A patch-clamp amplifier applies a constant voltage 
potential between two Ag/AgCl electrodes (trans side +) to cause an ionic current, which is 
carried by K+ and Cl- ions, to flow through the channel.   
The ionic current is recorded through the nanopore as a function of time. Fig. 1.13 b 
shows a typical trace of the ionic current amplitude with two distinct electrical levels: the upper 
one for open pore level (Io) and the lower one for the blocked level (Iblockade). In the absence of 
DNA passing through the nanopore, referred to as “open pore”, Io, the current through the single 
channel is stable. The “blocked pore” occurs when negatively charged DNA is added to the cis 
well, and is driven from the cis to trans well under the applied voltage. The current is reduced to 
a lower level, Iblockade, with a duration time of tD. 
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Figure 1.13.  Detection of DNA translocation events with the nanopore device. (a) Schematic view of a 
nanopore device that monitors ionic current change through a single pore. Voltage (V) is applied across a 
single α-HL nanopore channel inserted in a lipid bilayer. Current through the nanopore is carried by 
potassium (K+) cations and chloride (Cl-) anions. (b) Current trace for a primer/template DNA complex, 
and the translocation of the template strand through the nanopore under an applied voltage. An illustration 
of the events that yield the three sections of the current trace is shown above the trace. Io is the open 
channel current without DNA translocating through the nanopore; Iblockade is the current level for the 
blockade event caused by DNA translocation; and tD is the translocation dwell time. Figure from Benner, 
S.; et al. M. Sequence-specific detection of individual DNA polymerase complexes in real time using a 
nanopore. Nature nanotechnology, 2007, 2, 718 – 724 [65]. 
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  The development of nanopore strand sequencing is a challenging process. The biggest 
difficulties in discriminating individual bases as they pass through the nanopore include: (1) the 
high speed of DNA translocation under an electrical potential difference (on the order of a 
microsecond per base); and (2) the construction of nanopores with a detection zone (e.g. 
constriction) inside the stem of comparable channel lengths to a single nucleotide (~ 0.4 nm). 
Oxford Nanopore’s MinIon device is an early commercialization of strand sequencing, but 
identifies ~ 4 bases in a row, rather than individual bases, resulting in a much more difficult 
algorithmic problem to obtain the correct sequence.  
Several strategies have been applied to address the fast translocation speed problem for 
strand sequencing. Some groups have immobilized DNA with a bulky group that is too large to 
enter the pore, such as a DNA hairpin or a protein attached to the DNA end [66 - 68]. The strict 
configuration of the nanopore only allows single stranded DNA to pass. Once the hairpin reaches 
the restricted site, it needs time to unzip, which allows extra time to record its presence in the 
pore. Mutations of the α-HL pore have also been shown to improve the rate of DNA capture 
from solution, including insertion into the channel of a β-cyclodextrin ring that binds free 
mononucleotides, which can increase the time they reside in the nanopore [69].  More recently, the 
Akeson group has been controlling the speed of DNA passing through the pore by using DNA 
polymerase as a motor while DNA is being synthesized base by base [70]. An alternative approach 
is to use an exonuclease sequencing strategy combined with engineering of the lumen of the α-
HL with a β-cyclodextrin ring. In the presence of an exonuclease, individual nucleotides were 
cleaved and identified as they passed through the pore [71 - 74], but the rate of exonuclease 
cleavage is difficult to control.  
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Another readout modality is a two-color optical readout scheme [75, 76], in which each 
nucleotide is encoded and substituted with a specific permutation of two different 12-mer oligos 
(0 and 1). The nucleotides A, T, G and C are first converted to a different combination of these 
two oligo combinations (01, 10, 00, and 11) [77]. An automated, massively-parallel process 
developed by Lingvitae [78] has been able to accomplish the conversion in a relatively fast and 
accurate way. For readout, this converted DNA mixture is then hybridized with a mixture of 
molecules containing two different molecular beacons, which are complementary to the two 
oligos. When free in solution, the molecular beacons produce very low background fluorescence 
because of self-quenching. Once hybridized to the converted DNA, the molecules produce 
amplified fluorescence signals specific for each nucleotide. The emitted fluorescence of the 
molecular beacons is detected when the beacons are sequentially stripped off the complementary 
converted DNA strand passing through a nanopore.  
Mycobacterium smegmatis porin A (MspA) is another popular biological nanopore that 
has been used for sequencing. Recent work by Gundlach’s group has demonstrated nanopore 
sequencing of a natural DNA strand using MspA, taking advantage of the construction of an 
MspA nanopore with amino acid modifications influencing the current around the constriction 
site and in the vestibule and entrance [79, 80]. With four nucleotides as quadromers, there are 256 
combinations. They constructed a 256-nucleotide-long cyclical “de Bruijn sequence” and used it 
as a reference for nanopore sequencing of 4 bases at a time with natural DNA.  
Though the above approaches may serve to reduce the speed of transfer for strand 
sequencing, discrimination of the 4 natural DNA bases, remains challenging. A new sequencing 
by synthesis approach that takes advantage of unique polymer tags on each of the 4 nucleotides 
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that generate very distinct nanopore current blockade signals has been developed in our 
laboratory at Columbia, and will be described in detail in Chapter 4.  
 
1.5.  Conclusion 
Since Sanger’s introduction of the dideoxynucleotide chain terminator sequencing method, 
DNA sequencing has revolutionized the biological sciences and become one of the most 
powerful technologies in biology. Driven by the $1000 Genome Project initiated by NHGRI, a 
variety of sequencing technologies have been explored, each with its own advantages and 
drawbacks. Among these new technologies, sequencing by synthesis with cleavable fluorescent 
(CF) nucleotide reversible terminators (NRTs) has shown the most promise for next generation 
sequencing, and has potential applications for single molecule sequencing in the third generation 
platforms. Based on some of the ideas developed in our laboratory, part of this thesis will focus 
on the improvement of SBS with NRTs (Chapters 2 and 3), with the hope of longer read length 
and more simplified synthesis steps. In addition, unique NRTs and other tagged nucleotides have 
been designed and tested for different detection methods, such as surface enhanced Raman 
spectroscopy (SERS) (Chapter 3) and nanopore current measurement (Chapter 4), which has 
single molecule detection sensitivity with electrical detection.  These innovative molecular 
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Chapter 2. Synthesis and Evaluation of Novel Nucleotide Reversible 
Terminators, 2’-O-monophosphate 3’-hydroxyl nucleoside 5’-triphosphate, 
for DNA Sequencing by Synthesis 
A new set of nucleotide reversible terminators (NRTs), 2’-O-monophosphate 3’-hydroxyl 
nucleoside 5’-triphosphates (2’-P-NTPs), has been investigated for sequencing by synthesis 
(SBS).  These NRTs contain a negatively charged phosphate at the 2’-position of the sugar ring 
as the removable blocking group to halt further incorporation in the polymerase reaction. They 
nonetheless may allow improved binding to the polymerase relative to nucleotides with blocking 
groups at the 3’ position, since polymerases have strict requirements for the 3’-hydroxyl binding 
pocket.  2’-P-NTPs can be incorporated in polymerase reaction at wide temperatures ranging 
from 37 oC to 65 oC with Stoffel fragment modified 19 (SfM19) polymerase.  After detection, the 
blocking moiety on the 2’-position of the DNA extension product can be efficiently removed by 
an enzymatic dephosphorylation reaction in preparation for the next incorporation step. In 
addition to DNA based SBS, the 2’-P-NTPs also allow potential direct sequencing of RNA-like 
templates.  
In this chapter, I describe the synthesis of the novel reversible terminator 2’-P-NTPs, and 
determination of the optimized conditions for the expression, growth, and purification of a 
mutant polymerase SfM19 that is able to incorporate these nucleotide analogs. Finally, I present 
results on using 2’-P-NTPs and SfM19 to demonstrate continuous single base extension and 
cleavage, serving as proof of principle of their potential use in DNA and RNA SBS. 
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2.1.  Introduction 
Sequencing by Synthesis (SBS)[1-5], a DNA sequencing methodology based on the 
polymerase reaction and the use of nucleotide reversible terminators (NRTs), is a promising 
paradigm for deciphering large genomes. In SBS methods, a primer hybridized to its target 
sequence is extended after nucleotide incorporation into the growing DNA strand under the 
catalysis of DNA polymerases. The detection of the incorporated nucleotide immediately after 
each incorporation reaction allows sequence determination at each step of the DNA synthesis 
process. Furthermore, the removal of the reporter signal and blocking group following the 
identification of each base is essential to ensure the next round of incorporation and detection. 
NRTs[3-13] are modified nucleotides that terminate DNA synthesis after incorporation of one 
modified nucleotide by DNA polymerase. Ideally, the NRTs are incorporated specifically, their 
blocking groups cleaved efficiently after imaging, and extended as natural or minimally modified 
nucleotides in ensuing cycles[3, 14]. 
Since the incorporation requires the 3’-hydroxyl group of the primer to attack the α-
phosphate of the incoming nucleotide to form a phosphodiester bond, the most commonly used 
NRTs contain a blocking group at the 3’ position of the ribose, resulting in termination of DNA 
synthesis[3-19]. The blocking groups include 3’-O-allyl, 3’-O-azidomethyl and 3’-O-(2-
nitrobenzyl) moieties.  Since the 3’-blocking groups are larger than the hydroxyl group, causing 
further bias against incorporation with DNA polymerase, and most of the fluorescent dyes have 
to be attached to the nucleobase structures, these 3’-modified NRTs allow stepwise addition but 
require removal of both the blocking group and the fluorescent dye.  Furthermore, any 
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incomplete removal of the 3’-blocking group will prohibit the next round of incorporation, 
thereby terminating sequence readout. This read length challenge is one of the major limitations 
of SBS using NRTs.  
Therefore, chemistry improvements are still needed for SBS. I here describe the synthesis of 
a new set of NRTs, 2’-O-monophosphate 3’-hydroxyl nucleoside 5’-triphosphates (2’-P-NTPs), 
with application as NRTs in SBS.  These NRTs contain a negatively charged phosphate at the 2’-
position of the sugar ring as the removable blocking group. The charge and size of this phosphate 
effectively halts further nucleotide incorporation in the polymerase reaction.  It nonetheless may 
allow improved binding to the polymerase relative to nucleotides with blocking groups at the 3’ 
position, since polymerases have strict requirements at the 3’-OH binding pocket.  It was 
demonstrated that the 2’-P-NTPs could be incorporated at temperatures ranging from 37oC to 
65oC with Stoffel fragment modified 19 (SfM19) polymerase, a doubly mutated (I614E, E615G) 
form of Thermus aquaticus DNA polymerase I (Taq polymerase)[20]. After detection, the 
phosphate on the 2’ position of the DNA extension product can be efficiently removed 
enzymatically and produce a native DNA extension product, to permit the next incorporation 
step. In addition to DNA based SBS, these novel NRTs have the potential for directly sequencing 




2.2.  Results and Discussion 
2.2.1. Design and synthesis of nucleotide reversible terminators, 2’-O-monophosphate 3’-
hydroxyl nucleoside 5’-triphosphates  
During the polymerase extension reaction, the 3’-hydroxyl group of the primer attaches to 
the α-phosphate of the incoming nucleotide to form a phosphodiester bond and a product 
extending the primer by one nucleotide. It is known that the 3’-hydroxyl binding pocket of the 
extending DNA strand has a strict steric restriction[21]. Based on this requirement, our rationale 
was to synthesize and evaluate a complete set of nucleotide reversible terminators with 2’-O-
monophosphate modifications (2’-P-NTPs, Figure 2.1) for SBS. The general utility of these 
molecules are described by Gelfand et al.[22]. The 2’-O-monophosphate group can be efficiently 




Figure 2.1. Structure of the nucleotide reversible terminators (NRTs): 2’-P-ATP (1), 2’-P-GTP (2), 2’-P-
UTP (3) and 2’-P-CTP (4). 
 
It is particularly challenging to synthesize 2’-P-NTPs. In most of the published synthetic 
approaches[23-26], the final products are mixtures of 2’ and 3’ modified nucleotides For the 
successful synthesis of these NRTs (Fig. 2.2), we reacted NTPs (5) with metaphosphate to 
produce 2’, 3’–cyclic phosphate nucleotides (6). After hydroxylation of the cyclic intermediate, 
we obtained a mixture of 2’- and 3’- phosphate NTPs (1, 7). Fortunately, under defined HPLC 




Figure 2.2.  Synthesis scheme of a mixture of 2’- and 3’- phosphate ATPs. 
 
Though the above procedure is simple and results in a high product yield, it is critical to 
know which of the HPLC separated products are the 2’-P-NTPs and which are the 3’-P-NTPs. 
To achieve this goal, one needs to have a method that produces only the 2’-P-NTPs as a 
reference. Such a synthesis can be accomplished by prior protection of the 3’-OH group; though 
this involves additional steps and results in lower yields, it is critical for assuring that only the 2’-
P-NTPs is isolated in the simpler protocol. For demonstration of our synthetic procedure, the 
chemical synthesis of 2’-P-UTP (3), as an example, is shown in Fig. 2.3, starting from a 
commercially available compound, a 5’-dimethoxytrityl (DMTr) and 3’- tert-butyldimethylsilyl 
(TBDMS) blocked phosphoramidite (8). The diisopropyl-amino group is activated by 1H-
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tetrazole and then 3’-hydroxypropionitrile in acetonitrile (ACN) is added. The resulting 
phosphine ester (9) is oxidized by iodine to a stable phosphate ester (10). Next, the 5’-DMTr 
group is removed by trichloroacetic acid (CCl3COOH) to regenerate the hydroxyl group (11), 
and the nucleoside analog is further triphosphorylated to yield (12) using 
salicylphosphorochloridite and tetrabutylammonium pyrophosphate.  Trimethylsilane chloride 
(Me3SiCl) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) are used to obtain the 2’-phosphate 
(13), which is deprotected using tetra-n-butylammonium fluoride (TBAF) to produce the final 
product (3). In this scenario, the final phosphate can only be on the 2’ position because of the 
protecting group on the 3’ hydroxyl. Running this final product through HPLC will provide the 
retention time reference to separate the 2’ and 3’ phosphate isomers produced by the simpler 




Figure 2.3. Scheme for producing 2’-P-UTPs from a commercially available 3’ and 5’ protected 
compound.  
 
2.2.2. Optimal growth conditions for Stoffel fragment Mutant 19 (SfM19) DNA polymerase 
cloning in Escherichia coli 
 Several different polymerases were screened for incorporation of 2’-P-NTPs, but only 
Stoffel fragment Mutant 19 (SfM19) could recognize 2’-P-NTPs as the substrates for DNA 
primer extension. It had previously been shown that SfM19 incorporated all four 2’-O-Me-NTPs 
much more efficiently than the parent enzyme, without any loss in fidelity[27]. 
 SfM19 is 61 kD in size and has mutations of the Stoffel fragment (SF) of Thermus 
aquaticus DNA polymerase I (Taq polymerase) at positions 614 (Ile to Glu) and 615 (Glu to 
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Gly). Residues 614 and 615 are located in the C-terminus of the “palm” region of the 
polymerase. They are near the sugar ring of the incoming triphosphate and also near the N-
terminus of the O-helix, which is also known to make functionally important contacts with the 
triphosphate substrate[29]. Conversion of Glu615 to the smaller Gly residue is found to facilitate 
insertion of reversible nucleotide terminators. The other functions of the Glu615 side chain 
would be lost if one simply created a space in the active site for the 2’-modified-NTPs by 
mutation of Glu615. Thus, the secondary mutation of Ile614 to Glu is required to allow binding 
of a Mg2+ ion or a water molecule to stabilize the transition state for dNTP incorporation[29, 30].  
Since SfM19 is not a commercially available enzyme, the recombinant plasmid pET23b(+) 
SfM19 construct kindly provided by Professor Romesberg’s laboratory at the Scripps Research 
Institute[31], was expressed and purified in our laboratory.  
To achieve plasmid stability and high specific protein expression levels, we concentrated on 
comparing different host strains and growth media that influence protein expression and specific 
polymerase activity.  Accordingly, we conducted experiments directed to determining the most 
efficient bacterial strain to use for transformation, and added glucose into the growth media to 
prevent basal expression. 
 
2.2.2.1.  Comparison of two strains of BL21 competent cells 
Two strains of BL21 cells, BL21(DE3) and BL21(DE3)pLysS, were compared for their 
transformation with the SfM19 plasmid. BL21 competent cells have the distinct advantage of 
lacking proteases, rendering these cells appropriate for protein expression.  Two types of BL21 
competent cells were used as proposed by Xia et al.[32], as shown in Table 2.1.  BL21(DE3) 
results in high expression levels, but the leaky expression of T7 RNA polymerase can lead to 
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uninduced expression of potentially toxic protein. On the other hand BL21(DE3)pLysS has very 
tight control of expression due to the presence of the pLysS plasmid which carries the T7 
lysozyme to inhibit basal expression, but shows only slight inhibition of the expression level 
after induction of IPTG.  
With these traits of the strains in mind, we set up a single base extension (SBE) method to 
evaluate DNA polymerase activity to determine the more effective strain and growth condition 
for SfM19 DNA polymerase expression. Using one of our newly designed nucleotide reversible 
terminators (NRTs), 2’-P-ATPs, and an appropriate template and primer, with the same amount 
of isolated protein and identical reaction time, I judged the one with the highest incorporation 
ratio (extended primer over original primer) measured on MALDI-TOF MS as the protein 
preparation obtained under optimal growth conditions.  
Growth conditions were closely scrutinized as bacterial cell growth had to be conducted 
under optimal conditions to obtain the desired expression levels. Less than optimal growth 
conditions will most likely lead to lower expression of the desired protein, due, for example, to 
leaky expression of toxic proteins.  I therefore tested these two BL21 strains under the same 
growth conditions. At the same time, I assessed whether a change into fresh growth medium for 
induction had any effect on the overall bacterial growth. Table 2.1 presents an illustration of the 
results.  
The highest specific enzyme activity, 18.4 % per µg, comes from BL21(DE3)pLysS 
competent cells with a switch to fresh growth medium right before induction. The specific 
enzyme activity for BL21(DE3) strain is relatively low, 2.4 and 8.2 % extension per µg of 
protein for medium change before induction or not.  Based on these results, it was determined 
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that the BL21(DE3)pLysS strain was more efficient than BL21(DE3) and the change into fresh 
growth medium before induction is somewhat effective only for the BL21(DE3)pLysS strain . 















 [% per µg] 
DE3 Yes 828 10 2.4 
DE3 No 732 30 8.2 
DE3 pLysS Yes 326 30 18.4 
DE3 pLysS No 455 30 13.2 
Table 2.1. DNA concentration and enzyme activity levels of different host cells, where “IPTG” refers to 
isopropyl β-D-1-thiogalactopyranoside, and “medium change” indicates that the inoculated cultures were 
placed in new LB media after reaching OD = 0.45.  
2.2.2.2.  Comparison of growth media with and without the addition of glucose 
Knowing B21(DE3)pLysS is the more efficient strain for our purpose, we next used the 
BL21(DE3)pLysS strain and assessed the effect of 1% glucose (LBACG) relative to 
unsupplemented medium (LBAC) on expression of the polymerase. The effects of glucose 
addition to growth media on expression levels are well known. Specifically, before IPTG 
induction, there is some expression of T7 RNA polymerase from the lacUV5 promoter in λDE3 
lysogens and therefore basal expression of the target protein. The presence of glucose in the 
medium reinforces plasmid stability and target protein production, while substantially reducing 
basal expression of the target gene. Therefore, in addition to IPTG induction, glucose addition 
and its effects were examined[33]. 
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The addition of glucose, shown in Table 2.2, displays the average results of experiments 
conducted to compare enzyme activity after varying growth conditions.  As the results show, the 
addition of glucose yields higher enzyme activity with greater specificity.  Although overnight 
growth yields higher bacterial concentration, and consequently, higher protein concentration, 
there appears to be much lower specific DNA polymerase activity (10% primer extension for 
19.8 mg/L total protein) in the absence of glucose, which gives the specific enzyme activity of 
2.06 % extension per mg of SfM19 protein. In Table 2.2, the effect of induction in the presence 
of added glucose yields less total protein as opposed to medium (B), 11.7 vs. 19.8 mg/L, but the 
specific protein yield is much higher with the addition of glucose, 3.65 vs. 0.97 mg/L. The total 
protein activity is much higher with growth in medium (A). For a single base extension reaction 
using 2’-P-ATPs and the same amount of total protein without purification, use of medium (A) 
resulted in 38% extension (shown in Fig. 2.4) of the primer compared to only 10% with medium 
(B) (not shown). 
 



















(A) LBACG 11.7 38 3.65 31.2 2.08 
(B) LBAC 19.8 10 0.97 4.9 2.06 
* 3mL bacterial pellets were suspended and sonicated in 100 µL pol I buffer. 
Table 2. 2. Comparison of enzyme activities and specific polymerase protein yield after two different 





Figure 2.4.  MALDI-TOF MS results of single base extension reaction using 2’-P-ATP and purified 
specific protein from LBACG medium. The percentage of enzyme activity is calculated as the amount of 
extended primer divided by the amount of original primer. 
 
The specific polymerase activity is very similar for proteins grown in both media (2.08 
vs. 2.06 % primer extension per mg of protein), however the specific protein yield drastically 
improves with medium (A). Specifically, after purification, medium (A) yielded approximately 
3.65 mg of target protein per liter of the growth medium with induction, nearly 4-fold higher 
than with unsupplemented medium (B). These results show that a shortened growth period (4 hr 
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after induction) with the addition of glucose to the medium provides more efficient yields 
compared to using media that lack glucose. Notice the specific protein activity is less compared 
to the previous experiments (Table 2.1), which is due to the excess of polymerase added to the 
reaction but insufficient incubation time.  
 
2.2.2.3. Stoffel fragment mutant 19 polymerase purification and analysis by gel 
electrophoresis   
A normal large batch of SfM19 protein was usually purified from 600 ml bacterial 
growth LBACG medium from which 0.5 ml bacterial pellets were harvested. Taking advantage 
of polyhistidine-tags (His-tags) on the C terminal of SfM19, the purification was accomplished 
by nickel affinity chromatography. The protein obtained from elution steps was analyzed by 7% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), as shown in Fig. 2.5. 
Elution fractions (E1 and E2) were conducted in increments of 0.5 ml of elution buffer, which 
contains imidazole to compete with the histidine-tag and nickel interaction. The desired mutant 
DNA polymerase was recovered with the first 1 ml of elution buffer, with the correct molecular 
weight of ~60 kDa (61 kDa in calculation) and is shown in E2 within a red oval. 
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Figure 2.5. 7% SDS-PAGE electrophoresis for purification of SfM19 mutant using PrepEase Ni TED 
Columns. The red oval indicates the purified SfM19 at ~60 kDa. 
 
 
2.2.3.  Single base extension and cleavage of 2’-O-monophosphate 3’-hydroxyl nucleoside 
5’-triphosphates and characterization by MALDI TOF mass spectrometry  
 To verify that the 2’-P-NTPs could be recognized by SfM19 as substrates in a polymerase 
reaction, extension reactions were carried out with four different primers corresponding to 
different regions of a single DNA template whose next two complementary bases were AA, CC, 
GG, or TT along with the appropriate 2’-P-NTPs. The SfM19 polymerase mutant purified as 
described above was used in the polymerase extension reactions.  
 After the reaction, the four different primer extension products were analyzed by MALDI-
TOF MS, and the results are shown in Fig. 2.6. Single clear mass peaks at 6490, 6553, 5526, and 
5546 (m/z) using 2’-P-NTPs for each primer extension product were obtained without second 
nucleotide incorporation (Fig. 2.6 A, C, E, G).  The distinct mass per charge value reflects the 
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extended primer product, which is the primer with a single base addition and corresponds to the 
addition of a single 2’-P-NTP minus the pyrophosphate (PPi) released during the reaction. This 
confirms that the nucleotide analog can be incorporated by DNA polymerase SfM19 into the 
growing DNA strand, and that the 2’-P-NTPs are efficient terminators of the polymerase 
reaction, since only a single nucleotide was added despite the next nucleotide on the template 
also being complementary. 
To remove the phosphate-blocking group on the 2’-position of the nucleotide, 2 U shrimp 
alkaline phosphatase (SAP) was added to the solution and incubated at 37 oC for 30 min to 
cleave the phosphate and then at 65 oC for an hour to deactivate the remaining SAP enzyme 
activity for further incorporation. Fig. 2.6 B, D, F, H show the cleavage results for the above 
DNA products measured by MALDI-TOF MS. The original extension product peaks have 
completely disappeared, whereas peaks corresponding to the cleavage products appear as the 
sole dominant peaks at m/z 6412, 6475, 5548 and 5468. This establishes that the phosphatase 
reaction completely and efficiently cleaved the 2’-phosphate group without causing detectable 
damage to the DNA.  
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Figure 2.6. The polymerase extension scheme using each one of the four 2’-P-NTPs (above) and 
MALDI-TOF MS spectra of the extension products (A, C, E, G) and their cleavage products (B, D, F, H). 
The major peaks in the former spectra indicate that all four nucleotides are quantitatively incorporated 
into the primers with high efficiency in the polymerase reaction, which indicates that the modified 
nucleotides are good substrates for the SfM19 polymerase and efficient terminators of the polymerase 
reaction. The latter spectra (B, D, F, H) display cleavage product peaks with mass per charge values 
corresponding to the extension products with removal of the phosphate group on the 2’ position and 
regeneration of a hydroxyl group, which indicates the blocking group can be efficiently removed for 
further nucleotide incorporation. 
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2.2.4.  Direct 2’-O-methyl-RNA sequencing 
Given the broad temperature range for activity of SfM19, it should permit incorporation 
of the 2’-monophosphate blocked nucleotides using RNA as well as DNA templates, if the 
temperature for incorporation is maintained at 37 oC, compatible with RNA stability. A 
continuous polymerase extension reaction in solution was performed using the MALDI-TOF MS 
detection method, with a DNA primer annealing to a RNA-like template, 2’-O-methyl-RNA.  A 
single base extension with the corresponding nucleotide (in this case 2’-P-ATP) was performed 
and a small portion of the extension product (1) was characterized by MALDI-TOF MS. The rest 
of the product was incubated with SAP to cleave the 2’-monophosphate group. Then the cleaved 
product (2) with 2’-OH and 3’-OH was used as a primer for the next round of nucleotide 
extension. Figure 2.7 A to D shows the sequential mass spectra at each step of the continuous 
extension reaction using 2’-P-ATP and 2’-P-CTP as reversible terminators.  The mass peak at 
4364 (m/Z) (Fig. 2.7 A) corresponds to the first extension product (1) with a single 2’-P-ATP 
incorporated into the primer. The distinct peak at 4285 (m/Z) in Fig. 2.7 B shows the cleavage 
results after the phosphatase reaction. It can be seen from the data that the peak at 4364 (m/Z) 
has completely vanished, indicating the cleavage was complete. Fig 2.7 C corresponds to 
extension product (3), with an additional 2’-P-CTP added to product (2), at 4667 (m/Z). Peak 
4588 (m/Z) is the cleavage product (4) after the phosphatase reaction. These results demonstrate 
the potential for directly sequencing RNA.      
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Figure 2.7. Continuous polymerase extension reactions in solution were performed with a DNA primer 
annealed to a RNA-like template at 37 oC for nucleotide incorporation.  (A) to (D) show the sequential 
mass spectra of the DNA products at each step of the continuous extension and cleavage reactions using 
2’-P-NTPs as reversible terminators. 
 
2.3.  Materials and Methods 
2.3.1. Synthesis and purification of 2’-O-monophosphate 3’-hydroxyl nucleoside 5’-
triphosphates  
2.3.1.1. Synthesis of 2’-O-monophosphate 3’-hydroxyl nucleoside 5’-triphosphates using 2’-
monophosphate 3’-hydroxyl 5’-triphosphate uridine as an example 
As shown in Fig. 2.2, UTP (55 mg, 0.1 mmol) was dissolved in 0.5 ml of 1 M potassium 
hydroxide, and trisodium trimetaphosphate (33 mg, 0.11 mmol) was added and the reaction 
stirred at room temperature overnight. The mixture was adjusted to pH 8.24 using 1 M hydrogen 
chloride solution, then concentrated, and the appropriate fractions collected. 31P-NMR D2O (for 
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UTP): δ-23.61 (t, J = 20 Hz, 1P); -11.57 (d, J = 21 Hz, 1P); -10.24 (d, J = 20 Hz, 1P), 1.25 (s, 
1P). MS (ESI): 2’-P-ATP (C10H17N5O16P4), 586.96 (calculated), 587.2 (found); 2’-P-GTP 
(C10H17N5O17P4), 602.96 (calculated), 603.2 (found); 2’-P-CTP (C9H17N3O17P4), 562.95 
(calculated), 563.1 (found) and 2’-P-UTP (C10H18N2O18P4), 563.93 (calculated), 562.8 (found), 
(Fig. 2.8).  
 
Figure 2.8.  Electrospray ionization mass spectrometry (ESI-MS) spectrum for 2’-P-UTP.  
 
2.3.1.2.  High-performance liquid chromatography (HPLC) Purification of 2’-P-NTPs 
The concentrated crude target molecule was diluted with water to an appropriate 
concentration and 40 µl was injected in each round of purification by reverse-phase high 
performance liquid chromatography (HPLC) (Waters, MA). The column of HPLC has a 3 µm 
particle size, 15 cm ✕ 4.6 mm, length ✕ inner diameter (L ✕ I.D.) C18 column (Supelco), mobile 
phase: A, 8.6 mM triethylamine (Et3N) /100 mM 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) in 
water (pH 8.1); B, methanol (MeOH). Elution was performed with 100% A / 0% B for 10 
minutes followed by a linear gradient of 0-50% B for 20 minutes and then 50% B for another 30 
minutes. The flow rate was 1 ml/min. Retention time: 22.7 min for 2’-P-ATP and 21.5 min for 
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the 3’-P-ATP; 19.5 min for 2’-P-CTP and 21.2 min for 3’-P-CTP; 21.2 min for 2’-P-UTP, and 
22.1 min for 3’-P-UTP; 21.5 min for 2’-P-GTP and 20.5 min for 3’-P-GTP.  
 
2.3.1.3. Synthesis of 2’-O-monophosphate 3’-hydroxyl 5’-triphosphate uridine from a 
commercially available 5’-O-DMTr-Uridine 3’-O-TBDMS CED phosphoramidite  
The synthesis of 2’-P-NTPs from 5’-O-DMTr-Uridine 3’-O-TBDMS CED phosphoramidite 
is shown in Fig. 2.3 using 2’-P-UTP (3) as an example.  To a stirred solution of 5 mL (100 µmol) 
5’-O-DMTr-Uridine 3’-O-TBDMS CED phosphoramidite  (8, 0.5 g, 0.05 mmole) (ChemGenes, 
Wilmington, MA), 1H-tetrazole (0.45 mole, 5 mL) was added, followed by the addition of 3-
hydroxypropionitrile (100 mmole in ACN, 5 mL), and stirring at room temperature under Ar for 
1 hr to afford (9). A solution of I2 in pyridine/THF/H2O (0.02 M, 2.2/6.8/1, 14 mL) was added to 
the reaction mixture until there was no further increase in the yellowish color of the reaction 
mixture.   Then 0.1M Na2SO3 solution was added until the color disappeared, to convert the 
compound to 5’- DMTr-3’-O-TBDMS-2’-O- (biscyanoethyl) phosphate uridine (10). 31P-NMR 
(DMSO-d6) showed one peak at –2.62 ppm. The DMTr group on the 5’ position was deprotected 
with trichloroacetic acid to yield (11). The 5’-hydroxy modified uridine afforded was then 
triphosphorylated (12) by the method of Ludwig[35] using salicyl phosphorochloridite and 
tetrabutylammonium pyrophosphate, and treated with DBU and trimethylsilane chloride to 
obtain 3’-O-TBDMS-uridine 2’-O-monophosphate 5’-triphosphate (13). This compound was 
treated with TBAF to remove the 3’-O-TBDM silyl group to produce the target: uridine 2’-O-
monophosphate 5’-triphosphate (3). 31P-NMR: (D2O) δ -23.5 (t, J=20Hz, 1P), -12.00 (d, J=19Hz, 
1P), -10.56 (d, J=21Hz, 1P), 1.31 (s, 1P). MS (ESI): 577.95 (calculated), 578.15 (found).  
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Using the same condition for HPLC purification, this product elutes at the same retention 
time as our product 2’-P-UTP (3) using the previous synthesis method in section 2.3.1.1. 
Retention time: 21.2 min. 
 
2.3.2.  Expression and purification of polymerase Stoffel fragment 19 mutant cloned in 
Escherichia coli 
The recombinant plasmid pET23b(+) SfM19 construct kindly provided by Professor 
Romesberg’s laboratory at the Scripps Research Institute, was expressed and purified in our 
laboratory.  
Initially, commercially available One Shot TOP10 Chemically Competent E. coli cells were 
transformed with the SfM19 plasmid by standard methods to obtain pure plasmid DNA.  The 
plasmid DNA was verified after restriction enzyme digestion using NotI via agarose gel (1% 
agarose) electrophoresis.  Additionally, the SfM19 gene and its partial plasmids were purified, 
and verified by Sanger sequencing on an ABI3730x1 platform.  In checking the sequence for 
mutations, key components related to protein expression regions of the pET-23 vector (shown in 
Fig. 2.9) were examined.  In particular, the T7 promoter region, the ribosome binding site, T7 
Tag coding sequence, multiple cloning sites, histidine tag coding sequence, and the T7 




Figure 2.9. The map for pET-23b(+) with the vector cloning/expression region highlighted below. 
Several key components including: the T7 promoter region, the ribosome binding site, T7 Tag coding 
sequence, multiple cloning sites, histidine tag coding sequence, and the T7 terminator region[35]. 
 
Subsequently, in an attempt to obtain higher expression, BL21 (Novagen) competent cells 
were transformed with the SfM19 plasmid.  Two strains of the BL21 cells were used, 
BL21(DE3) and BL21(DE3) pLysS.     
The working medium, LB medium containing 100 µg/mLof ampicillin (LBA) was inoculated 
with the SfM19 plasmid transformed BL21(DE3) colonies.  Since BL21(DE3)pLysS contains an 
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extra plasmid pLysS, which is chloramphenicol resistant, additional of 34 µg/mL of 
chloramphenicol was added to the final growth medium (LBAC). The 30 ml inoculated culture 
was grown at 37 °C overnight, then diluted into fresh media at a 1:10 ratio and continuously 
grown at 37 oC until the OD600 reached ~0.45.  Isopropyl β-D-1-thiogalactopyranoside (IPTG, 
0.6 mM) was used to induce protein expression while comparing growth durations of 4 hr and 
overnight growth.  Some inoculated cultures were placed in new LB media after their OD600 
reached 0.45 (medium change).   
3 mL of bacterial culture were pelleted by centrifugation at a maximum speed of 14000 RPM 
for 1 minute in an Eppendorf 5417R centrifuge. The pellets were suspended in 100 µL 1X 
ThermoPol® reaction buffer (NEB), and lysed by sonication.  The cellular debris was removed 
by centrifugation (14000 RPM for 30 min). For further purification of the desired protein, the 
clarified cell lysates were incubated in a 70 °C water bath for 10 minutes and subsequently 
centrifuged to remove cellular proteins.  This “crude” sample was assessed by gel electrophoresis 
(7% SDS-PAGE) and tested for activity using SBE and MALDI-TOF MS. Each SBE reaction 
consisted of 60 pmol of primer (5’-TAGATGACCCTGCCTTGTCG-3’), 20 pmol of template 
(Template_Exon8 shown in Fig. 2.11), 200 pmol of 2’-P-ATPs, 1X reaction buffer (10 mM Tris-
HCl, 50 mM KCl, 5 mM MgSO4, 0.1% Triton X-100, pH 7.5), 700 µg bovine serum albumin 
(BSA), 20 pmol of MnSO4, and 5 µL of “crude” protein.  After an initial incubation at 94 oC for 
2 minutes, the reaction was performed at 94 oC for 20 seconds, 48 oC for 40 seconds and 68 oC 
for 90 seconds for 5 cycles. 
Further purification of the SfM19 mutant polymerase was accomplished by nickel affinity 
chromatography (PrepEase Ni-TED Column His-Tagged Protein Purification Maxi Kit – High 
Yield and High Specificity, USB[36]), according to the manufacturer’s instructions. The high 
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specificity kits utilize TED (tris-carboxymethyl ethylene diamine), a strong pentadentate metal 
chelator, which occupies five of the six binding sites in the coordination sphere of the Ni2+ ion. 
The single remaining binding site can be exchanged with modified histidine residues on the 
SfM19 fragment (Fig. 2.10). Washing buffer (1X LEW buffer: 50 mM NaH2PO4, 300 mM NaCl 
at pH 8.0) was used to remove impurities and elution buffer to strip the protein from the column 
and collect the eluate. Elution and recovery of captured His-tagged SfM19 is accomplished with 
a high concentration of imidazole in the elution buffer (1X Elution buffer: 50 mM NaH2PO4, 300 
mM NaCl, 250 mM imidazole at pH 8.0), which displaces the His-tag from nickel coordination.  
 
 
Figure 2.10. Binding of His-tagged protein to Ni-TED resin. A: Silica bead bearing Ni2+ bound to TED 
(tris-carboxymethyl ethylene diamine), a pentadentate metal chelator; B: One histidine residue of the His-
tagged protein binding to the metal ion[36].  
 
 
The final eluate was analyzed by SDS-PAGE. The enzyme was concentrated to 12 µg/µl and 
desalted using Ultracel YM-30 microconcentrators (Millipore Centrifugal Filter Units).  Protein 
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concentration levels were measured using the Bradford method (Biorad).  Again, this fraction 
was assessed by gel electrophoresis and by assessing incorporation of 2’-P-NTPs in the 
polymerase reaction using MALDI-TOF MS detection.  
 
 
2.3.3. Incorporation of 2’-O-monophosphate 3’-hydroxyl nucleoside 5’-triphosphates in 
solution and cleavage of 2’-phosphate with characterization by matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry 
Each polymerase extension reaction consisted of 60 pmol of primer, 20 pmol of template 
(sequence shown in Fig. 2.11), 200 pmol of a single NRT, 1X reaction buffer (10 mM Tris-HCl, 
50 mM KCl, 5 mM MgSO4, 0.1% Triton X-100, pH 7.5), 700 µg bovine serum albumin (BSA). 
20 pmol of MnSO4, and 2 µL of purified SfM19 enzyme (12 µg/µL protein concentration).  
After an initial incubation at 94 oC for 2 minutes, the reaction was performed at 94 oC for 20 
seconds, 48 oC for 40 seconds and 68 oC for 90 seconds for 36 cycles.  To remove the phosphate 
blocking group on the 2’ position of the incorporated nucleotide, 2 U shrimp alkaline 
phosphatase (SAP), purchased from USB, was added to the solution and incubated at 37 oC for 
30 minutes to cleave the phosphate and then at 80 oC for an hour to deactivate the remaining 





Primer_X_YY  Primer Sequences  Molecular Weight (Da)     Next complementary bases 
Primer_Exon7_CC  5’-GTTGATGTACACATTGTCAA-3’   6131    GG 
Primer_Exon8_AA  5’-GATAGGACTCATCACCA-3’   5163    UU 
Primer_Exon7_GG  5’-TCTCTGGCCGCGTGTCT-3’   5144    CC 
Primer_Exon7_TT  5’-TAGATGACCCTGCCTTGTCG-3’   6084    AA 
 
Figure 2.11. Template and primer sequences used for DNA sequencing. Each DNA primer has a different 
molecular weight, which can be easily identified on MALDI-TOF MS. The next complementary bases 
determine the nucleotide to be incorporated. 
 
2.3.4.  Direct RNA-like template sequencing 
Each extension reaction used the same conditions as for the DNA template sequencing, 
except the reaction temperature was maintained at 37 oC for 30 minutes, with 2’-O-methyl RNA, 
a RNA-like template (shown in Fig. 2.12). The procedures for cleavage were identical to those 
used with DNA templates.  
 




2.3.  Conclusion 
A new set of NRTs, 2’-P-NTPs, were developed for SBS and preliminary sequencing 
feasibility data were generated to prove that the reversible terminators were efficiently 
incorporated, and terminated the polymerase reactions. We also showed that the extension 
reaction could be continued after removal of the 2’-monophosphate group in a phosphatase 
reaction.  
Compared with traditional 3’ modified NRTs, 2’-P-NTPs, by leaving the 3’-hydroxyl binding 
pocket in its natural state, could potentially increase incorporation efficiency. And the 
phosphatase cleavage reaction is shown to be able to remove the 2’-phosphate blocking group 
efficiently and completely allowing extension to resume. Using 2’-O-methyl-RNA as template, a 
successful incorporation reaction at 37 oC was also demonstrated, suggesting the potential of this 
approach for direct RNA sequencing. 
In general, there are three major advantages to the use of 2’-blocked NTPs as reversible 
terminators for SBS. First, the modification of the nucleotide is at the 2’ position of the ribose 
ring, which leaves the 3’-OH group untouched. The presence of an unmodified 3’-OH group on 
the primer should preserve nearly full activity of the polymerase in attaching the α-phosphate of 
the incoming nucleoside triphosphate to produce a DNA extension product[37, 38].  Secondly, the 
2’-phosphate can be completely removed by a biological enzyme under relatively mild 
conditions at a fast speed resulting in no modifications on the sugars in the growing chain. Last 
but not least, the broad temperature range for incorporation also allows potential direct 
sequencing of RNA templates.  
In furtherance of this project, we are planning to attach detection groups, such as 
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fluorophores, to the 2’-monophosphate or the bases of the nucleotides depending on their 
recognition by DNA polymerase (Fig. 2.13), where different reporter dyes would be associated 
with each base. If we have to attach the detection group to the base, an extra cleavage step might 
be required in addition to that for removal of the 2’-monophosphate blocking group. The alkaline 
phosphatase cleavage is an enzymatic cleavage, and currently for inactivation, we heated the 
sample to 65 oC; this could be eliminated if we immobilize the DNA on a surface and use a wash 
step instead of heat inactivation in the future.  
 
Figure 2.13. Two possible ways of labeling the 2’-P-NTPs with fluorescent reporter dye: on the 2’-
phosphate group (left) or on the base (right) through a linker. 
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Chapter 3. DNA Sequencing by Synthesis using Surface Enhanced Raman 
Spectroscopy Detection 
 As an alternative to fluorescence-based sequencing by synthesis (SBS), this chapter 
explores the possibility of using Raman spectroscopic detection for DNA sequencing[1].  This 
SBS approach exploits the fact that the previously developed four 3’-O-azidomethyl nucleotide 
reversible terminators contain an azido moiety (N3) that has an intense, narrow and unique 
Raman shift at ~ 2125 cm-1, where virtually all biomolecules are transparent. Using surface 
enhanced Raman scattering (SERS) detection, a complete 4-step SBS reaction in which each 
polymerase extension and cleavage is monitored by both Raman spectroscopy and MALDI TOF 
MS was demonstrated. Because the natural nucleotides are restored after each cycle of nucleotide 
incorporation followed by cleavage of the 3’-O-azidomethyl group, the growing DNA strand 
bears no modifications which might impede further polymerase reaction. Thus, with further 
improvements in surface enhancement for this N3 moiety, and polymerase attachment to the 







3.1.  Introduction 
DNA sequencing is a fundamental tool in biological and medical research. DNA 
molecules possess the heritable genetic information in all living organisms and encode all the 
proteins in our body. Therefore, determination of DNA sequence is critical in basic biological 
research, evolutionary biology, and applied biological fields such as medical diagnostics and 
forensics. High throughput DNA sequencing is especially important for the personal genome 
project or individualized medicine.  
Various new DNA sequencing methods have been investigated with the aim of eventually 
realizing the goal of the $1,000 genome; the currently dominant method is sequencing by 
synthesis (SBS)[2-7], an approach that determines DNA sequences during the polymerase 
reaction. In SBS, DNA templates are immobilized on solid supports, and the nucleotides are 
added iteratively or in the form of a four-nucleotide mixture. After a complementary base is 
incorporated, a reporter group, normally a fluorescent dye that is engineered onto the 
nucleotides, produces a base-specific signal indicating successful incorporation. The sequencing 
can then proceed to subsequent cycles to decipher the ensuing bases. 
Single molecule SBS has been demonstrated by a variety of approaches[7-10]. However, 
the shortcoming in all of these is their dependence upon precise timing of a “virtual” pause 
between each nucleotide incorporation event, especially when registering the incorporation of 
more than a single identical base. This becomes particularly pronounced with homopolymeric 
runs of more than about 4 bases, particularly in protocols lacking base-specific labels [3, 11]. 
Previous design of modified nucleotides for SBS in our group involved two-site 
modifications[4, 5, 12-13]:  a fluorescent dye to serve as a reporter group on the specific location of 
the base and a small reversible chemical moiety to cap the 3’-OH group to temporarily terminate 
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the polymerase reaction after incorporation. After nucleotide incorporation and signal detection, 
the dye is cleaved and the 3’-OH blocking moiety is removed to allow resumption of the 
polymerase reaction in the next cycle. These modified nucleotide reversible terminators have 
proved to be good substrates for some polymerases and have been applied to next generation 
DNA sequencing technology. Moreover, they can overcome the difficulty of reading through 
homopolymer stretches, as each base of such a run is read individually before the next one is 
added[13, 14]. 
Fluorescence-based methods have many advantages in terms of detection sensitivity. 
However, because of the large size of the fluorophores and their broad emission spectra, specific 
polymerase and reaction conditions need to be optimized for sequencing reactions. In addition, 
the current cleavable fluorescent NRTs used in SBS leave a residual group on the base of the 
growing DNA strand, limiting sequencing read-length.  
Here a DNA SBS method using detection by Raman spectroscopy rather than 
fluorescence imaging is demonstrated. Raman spectroscopy, a technique based on the inelastic 
scattering of light from molecules, is an inherently less sensitive technique than fluorescence 
spectroscopy. However, recent advances in surface enhanced Raman scattering (SERS) have 
increased the sensitivity to make even single molecule detection possible[15].  Enhancement 
factors of 109 have been reported using nanostructured surfaces, such as arrays of regularly 
ordered vertical posts coated with gold[16].  
 
3.1.1.  Raman spectroscopy  
Raman spectroscopy has been widely used in both research and industry for chemical 
characterization, because of its molecular specificity to energy differences of chemical bonds and 
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molecular symmetry. Similar to IR spectroscopy, Raman spectroscopy measures the vibrational 
and/or rotational modes of a molecular system[17, 18].    
 
Figure 3.1. Raman transitional modes, including: elastic Rayleigh scattering, Stokes Raman scattering 
and anti-Stokes Raman scattering.  
 
Interaction of light of frequency νo, usually delivered from a monochromatic laser, with a 
molecule generates oscillating dipoles. When the dipoles emit light, there are three possible 
frequency modes, as shown in Fig. 3.1: (1) the emitted light (scattered light) has the same 
frequency νo as the excitation light. This mode is called elastic Rayleigh scattering; (2) the 
emitted/ scattered light has a lower frequency (νo – νm) than the excitation light (νo) because the 
molecule returns into a higher vibrational/ rotational energy level (Eo + hνm) than the original 
vibrational/rotational state  (Eo).  This lower energy scattering is called Stokes Raman scattering; 
(3) the emitted/scattered light has a higher frequency (νo + νm) than the excitation light (νo).  
When the molecule is in a higher vibrational/rotational state (Eo + hνm) when interacting with the 
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excitation light and the molecule returns to a lower vibrational/rotational energy level (Eo), the 
emitted/scattered light has higher energy, which is called anti-Stokes Raman scattering. 
More than 99% of all incident photons undergo elastic Rayleigh scattering, so inelastic 
Raman scattering (Stokes and anti-Stokes) is a very weak process. Molecules with aromatic or 
conjugated functional groups often show a higher Raman intensity because the delocalized 
electrons increase the electric dipole polarizability. 
 
3.1.2.  Surface-enhanced Raman spectroscopy (SERS) 
The most widely used method to increase Raman scattering signals is surface 
enhancement (SE).  SERS was discovered by Fleischman et al. in the 1974[19], who observed a 
strong Raman signal for pyridine on a roughened silver electrode surface. Jeanmaire & Van 
Duyne[20], and Albrecht & Creighton[21] showed independently that the increase of Raman 
scattering was not simply due to the increased surface area, but rather due to the influence of 
noble metal nanostructures or nanoparticles on the adsorbed molecules.  
 The precise physical basis for SERS has been in dispute, but currently there are two 
major accepted mechanisms: (1) the electromagnetic (EM) mechanism what postulates excitation 
of surface plasmons leading to enhanced electric fields; and (2) chemical enhancement, due to 
new electronic excitations of adsorbed molecules, particularly in contact zones between the 
molecules and the metal surface.  
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3.2.  Results and Discussion 
The SERS-SBS approach was successfully demonstrated by the consecutive 
incorporation, detection and cleavage of each of the four nucleotides bearing 3’-O-azidomethyl 
blocking groups (N3) using a DNA template and linear primer on a commercially available 
structured gold surface. 
 
3.2.1.  Experimental rationale 
In the SERS-SBS approach, the 3’-OH groups of the reporter nucleotides are derivatized 
with an azidomethyl moiety[22],  as shown in Fig. 3.2, to temporarily terminate the polymerase 
reaction after incorporation. Instead of engineering a fluorescent dye as a reporter group on the 
bases, here the same azidomethyl blocking moiety also serves as the reporter group to indicate 
the incorporation of a nucleotide complementary to the specific nucleotide in the template into a 
growing DNA chain, as shown in Fig. 3.3.  The azide group is ideally suited as a Raman reporter 
group, because of its distinct Raman shift in a spectral window of 2080-2170 cm-1, a spectral 










Figure 3.3. The overall schematic view for SERS-SBS with 3’-N3-dNTPs: templates in solution are 
extended with NRTs, added one at a time. If there is an incorporation with the complementary nucleotide, 
a Raman signal (~2125 cm-1) due to the azidomethyl group will be detected. After cleavage of the 
blocking group with TCEP, the next cycle is initiated. 
 
 
Because these 3’-O-azidomethyl-dNTPs (N3-dNTPs) do not require the attachment of 
fluorescent tags, their cost of synthesis and detection are substantially lower. They are much 
smaller than their counterparts with fluorescent tags, which increase their incorporation 
efficiency by DNA polymerase. In addition, after cleavage of the azidomethyl group the 
extended chain is identical to natural DNA, unlike in many current SBS approaches, which 
require the use of modified nucleotides that leave short remnants of the linkers used to attach the 
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fluorescent tags; as these build up in the extended DNA chains, they are increasingly likely to 
alter the DNA structure and impede further nucleotide incorporation. After cleavage, the N3 is 
completely destroyed yielding no Raman signal at ∼2125 cm-1. Finally, the method for removal 
of the azidomethyl group to allow the next cycle of incorporation and detection is well 
established and has been shown to be highly compatible with DNA stability[22]. 
 
 
3.2.2.  Synthesis and purification of four 3’-O-azidomethyl modified nucleotides 
Four 3’-O-azidomethyl-modified nucleotides: N3-dATP (14), N3-dGTP (15), N3-dCTP 
(16) and N3-dTTP (17) as shown in Fig. 3.2 were synthesized based on a method similar to that 
previously reported by Zavgorodny et al.[23, 24].  
In brief, the synthesis of N3-dTTP (17) and N3-dGTP (15) is shown in Fig. 3.4 and Fig. 
3.5 respectively. As an example, the steps for the preparation of N3-dTTP are outlined in detail 
here. The hydroxyl group at the 5’-position is protected (Fig. 3.4) (18), and the 3’-OH group 
reacts with acetic acid (AcOH) and acetic anhydride (Ac2O) in dimethyl sulfoxide (DMSO) to 
afford a methylthiomethyl derivative (19). This is reacted with sulfuryl chloride (SO2Cl2) under 
cyclohexene catalysis, and thereby converted to an active chloromethyl intermediate, which is 
immediately treated with sodium azide (NaN3) to generate the 3’-O-azidomethyl derivative (20). 
Triphosphorylation is carried out after the 5’-TBDMS group is removed to produce the desired 
nucleotide N3-dTTP (17). N3-dATP and N3-dCTP were synthesized in the same way as outlined 
for N3-dTTP in Fig. 3.4. For N3-dGTP, a similar synthetic route is used, as shown in Fig. 3.5. 
The carboxyl group at 6-position and the active amino group at the 2-position are both protected 
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(23) prior to treatment with NaN3 (24). The detailed experimental procedures are described in 
Section 3.3.2. 
 
Figure 3.4. Synthesis of 3’-O-azidomethyl-2’-thymidine-triphosphate (N3-dTTP). 
 




Before proceeding with the SBS experiment, the four 3’-O-azidomethyl-modified 
nucleotides, N3-dATP, N3-dCTP, N3-dGTP and N3-dTTP, shown in Fig. 3.2, were confirmed to 
give distinct Raman signals. Using Klarite SERS gold substrates appropriate Raman signals at 
~2125 cm-1 from the azido group were observed (Fig. 3.6 red spectra), whereas the natural 
nucleotides showed only background signals (blue spectra). 
 
 
Figure 3.6. Raman signals of N3-dNTPs (red) and natural dNTPs (blue). In all four cases, there is a 102-




3.2.3.  Detection of continuous DNA sequencing products by surface enhanced Raman 
spectrometry (SERS) 
The SERS-SBS approach was successfully demonstrated by the consecutive 
incorporation, detection and cleavage of each of the four nucleotides bearing the 3’-O-
azidomethyl blocking group. This method took advantage of a template-primer combination in 
which the next four nucleotides to be added were A, C, G and T. As shown in Figure 3.7 
(middle), a 3’-O-azidomethyl modified complementary nucleotide could be incorporated into a 
13-mer primer annealing to a 51-mer DNA template. After removing all the reaction components 
by HPLC, the appearance of the Raman signal around 2125 cm-1 indicated the incorporation of 
an N3-dNTP into the DNA strand. Treatment with 100 mM TCEP [tris (2-carboxyethyl) 
phosphine] solution removed the azidomethyl group and regenerated the 3’-OH of the DNA 
primer, after which incorporation could be initiated for the next cycle. The experiment was 
initiated with the 13-mer primer annealed to a DNA template. When the first complementary 
base, N3-dATP, was used in the polymerase reaction (Fig. 3.7, middle), the Raman spectrum of 
the extended DNA template clearly showed a Raman shift at ∼2125 cm-1 which can be assigned 
to the azide group (Fig. 3.7 a, left); the expected molecular weight of 4329 Da for the extension 
product was confirmed by MALDI-TOF MS (Fig. 3.7 a, right). This is strong evidence that the 
modified nucleotide N3-dATP was incorporated into the DNA primer. After TCEP treatment to 
remove the azidomethyl group and HPLC purification, the Raman peak at 2125 cm-1 largely 
disappeared (Fig. 3.7 b, left), and cleavage was confirmed by an MS peak at 4274 Da (Fig. 3.7 
b, right). The newly formed primer extension product with a free 3’-OH group was then used in 
a second polymerase cycle where N3-dCTP was added. The Raman spectrum again revealed a 
peak at ∼2125 cm-1 (Fig. 3.7 c, left) and MS gave a 4621 Da peak (Fig. 3.7 c, right), indicating 
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incorporation of N3-dCTP in this cycle (Fig. 3.7 c, middle); disappearance of the Raman peak 
(Fig. 3.7 d, left) after TCEP treatment and an MS peak at 4566 Da (Fig. 3.7 d right) proved the 
removal of the azidomethyl group.  Fig. 3.7 e shows the third incorporation of N3-dGTP into this 
primer with reemergence of the N3-dependent Raman signal (Fig. 3.7 e, left) and the loss of this 
signal after TCEP cleavage is indicated in Fig. 3.7 f (left). The third nucleotide incorporation 
was confirmed by MALDI-TOF MS (4953 Da, Fig. 3.7 e, right) as was the cleavage reaction 
(4898 Da, Fig. 3.7 f, right). Finally, N3-dTTP was incorporated in the polymerase reaction in the 
fourth cycle, as shown in Fig. 3.7 g, indicated by the reappearance of the N3 Raman signal (Fig. 
3.7 g, left), and Fig. 3.7 h (right) showed the disappearance of this peak after azidomethyl group 
removal by TCEP. Again, appropriate masses were obtained by MALDI-TOF-MS for the 4th 




Figure 3.7. Experimental scheme of continuous DNA sequencing by synthesis (middle) using reversible 
terminators, 3’-N3-dNTPs, with Raman (left) and MALDI-TOF MS spectra (right) obtained at each step. 
Only the 2000-2300 cm-1 Raman interval is shown, the azidomethyl peak appearing with a Raman shift at 





3.3.  Materials and Methods 
3.3.1.  Description of surface enhanced Raman spectrometry (SERS) substrates 
Gold-coated Klarite SERS-active substrates were purchased from Renishaw Diagnostics, 
UK. The 6 mm x 10 mm chip (consisting of a 4 mm x 4 mm patterned region and an unpatterned 
Au reference area) was adhered to a standard microscope slide (25 mm x 75 mm) at the foundry. 
The active area contains an array of micro-scaled inverted pyramids with 1.5 µm well diameter, 2 
µm pitch and 1 µm depth coated with a 20 nm chrome adhesion layer below a 400 µm gold layer. 
Klarite slides were only used once and the storage container was opened just prior to 
measurement to reduce possible surface contamination. 
 
3.3.2. Synthesis, purification and characterization of 3’-O-azidomethyl-modified 
nucleotides 
The four 3’-O-azidomethyl-modified nucleotides (Fig. 3.1), N3-dATP (11), N3-dGTP 
(12), N3-dCTP (13) and N3-dTTP (14), were synthesized according to the following procedures.  
 
3.3.2.1.  Synthesis of 3’-O-azidomethyl-modified nucleotides containing thymine, adenine 
and cytosine 
N3-dTTP (14) (Scheme 3.3) is used as an example to show the synthesis approach. N3-
dATP (11) and N3-dCTP (13) were synthesized in an analogous way.  
To a stirred solution of 5’-O-TBDMS-thymidine (18, 2.0 g; 5.6 mmol) in DMSO (20 
mL), AcOH (4.8 mL; 87 mmol) and Ac2O (15.4 mL; 162 mmol) were added. The reaction 
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mixture was stirred at room temperature for 48 hours. A saturated sodium bicarbonate (NaHCO3) 
solution (100 mL) was added and the aqueous layer was extracted with ethyl acetate (3×100 
mL). The combined organic extracts were washed with a saturated solution of NaHCO3 and 
dried over anhydrous sodium sulfate (Na2SO4). After concentration, the crude product was 
purified by flash column chromatography (hexane/ethyl acetate, 7:3 to 1:1) to afford 3’-O-
methylthiomethyl (MTM)-5’-O-TBDMS-thymidine as a white powder (19, 1.75 g; 75% yield). 
1H-NMR (400 MHz, CDCl3): δ 8.16 (s, 1H), 7.48 (s, 1H), 6.28 (m, 1H), 4.62 (m, 2H), 4.46 (m, 
1H), 4.10 (m, 1H), 3.78-3.90 (m, 2H), 2.39 (m, 1H), 2.14 (s, 3H), 1.97 (m, 1H), 1.92 (s, 3H), 
0.93 (s, 9H), 0.13 (s, 3H); HRMS (FAB+) calculated for C18H33N2O5SSi [(M+H)+]: 417.1879, 
found: 417.1890.  
To a stirred solution of 3’-O-MTM-5’-O-TBDMS-thymidine  (19, 1.095 g; 2.6 mmol) 
and dichloromethane (CH2Cl2) (10 mL) under argon atmosphere, cyclohexene (1.33 mL; 13.2 
mmol) and flash distilled SO2Cl2 (284 µL; 3.5 mmol) were added. The reaction mixture was 
stirred at 0 °C for 2 hours. The solvent was first removed under reduced pressure and then with a 
high vacuum pump for 30 minutes. The residue was dissolved in anhydrous dimethylformamide 
(DMF) (5 mL) and reacted with NaN3 (926 mg; 15.4 mmol) at room temperature for 3 hours. 
The reaction mixture was dispersed in distilled water (50 mL) and extracted with CH2Cl2 (3×50 
mL). The combined organic extracts were dried over anhydrous Na2SO4 and concentrated under 
reduced pressure. The residue was dissolved in CH2Cl2 (5 mL) and reacted with ammonium 
fluoride (NH4F) in methanol solution (600 mg; 16.2 mmol) at room temperature for 40 hours. 
The reaction mixture was concentrated under reduced pressure and partitioned between H2O and 
CH2Cl2. The organic layer was separated and dried over anhydrous Na2SO4. After concentration, 
the residue was purified by flash column chromatography (hexane/ethyl acetate, 1:1 to 2:5) to 
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afford 20 as a white powder (550 mg; 71% yield).  1H-NMR (400 MHz, CDCl3) δ 8.30 (br s, 
1H), 7.40 (s, 1H), 6.14 (t, J = 6.8 Hz, 1H), 4.70-4.79 (m, 2H), 4.50 (m, 1H), 4.16 (m, 1H), 3.84-
4.01 (m, 2H), 2.45 (m, 2H), 1.95 (s, 3H); HRMS (FAB+) calculated for C11H16O5N5 [(M+H)+]: 
298.1151, found: 298.1146.  
3’-O-(Azidomethyl)-thymidine (20, 72 mg; 0.24 mmol) and proton sponge (75.8 mg; 
0.35 mmol), which had been dried previously in a vacuum desiccator over phosphorus pentoxide 
(P2O5) overnight, were dissolved in trimethylphosphate [PO(OMe)3] (600 µL). Then freshly 
distilled phosphorus(V) oxychloride (POCl3) (40 µL; 0.35 mmol) was added dropwise at 0 oC 
and the mixture was stirred at 0 oC for 2 hr. Subsequently, a well-vortexed mixture of 
tributylammonium pyrophosphate [(Bu3NH)2P2O7] (552 mg) and tributylamine (Bu3N) (0.55 
mL; 2.31 mmol) in anhydrous DMF (2.33 mL) was added in one portion at room temperature 
and stirred for 30 min. Ammonium hydroxide (NH4OH) (15 mL) was added and after overnight 
incubation at room temperature, the reaction mixture was concentrated under vacuum. The 
residue was diluted with 5 mL of water. The crude mixture was then purified by anion exchange 
chromatography on DEAE-Sephadex A-25 at 4 oC using a gradient of TEAB (pH 8.0; 0.1 to 1.0 
M). The crude product was further purified by reverse-phase HPLC to afford 3’-O-azidomethyl-
dTTP (17). 1H-NMR (400 MHz, D2O) δ 8.30 (br s, 1H), 7.40 (s, 1H), 6.16 (t, 1H), 3.81(m, 2H), 
3.20-3.40 (m, 3H), 2.45 (m, 2H), 1.93 (s, 3H); 31P-NMR (121.4 MHz, D2O) δ -11.52 (d, J = 19 
Hz, 1P), -12.14 (d, J = 20 Hz, 1P), -23.19 (t, J = 21 Hz, 1P).  
  
3.3.2.2.  Synthesis of 3’-O-azidomethyl modified guanine nucleotide 
As shown in Fig. 3.5, to a stirred solution of 2-N-isobutyrylamino-5’-O-TBDMS-2’-
deoxyguanosine (21, 5 g; 11.0 mmol) in dry DMSO (21 ml), AcOH (10 mL; 181 mmol) and 
 85 
Ac2O (32 mL; 336 mmol) were added. The reaction mixture was stirred at room temperature for 
48 hours. A saturated K2CO3 solution (100 mL) was added and the aqueous layer was extracted 
with ethyl acetate (3x100 mL). The combined organic extracts were washed with a saturated 
NaHCO3 solution and dried over anhydrous Na2SO4. After concentration, the crude product was 
purified by flash column chromatography (CH2Cl2/MeOH, 20:1) to afford 2-N-isobutyryl-3’-O-
MTM-5’-O-TBDMS-2’-deoxyguanosine (22), as a white powder (3.9 g; 69% yield). 1H NMR 
(400 MHz, CDCl3): δ 12.0 (s, 1H), 8.95 (br s, 1H), 8.09 (s, 1H), 6.24 (t, J = 6.8 Hz, 1H), 4.73 (m, 
2H), 4.66 (m, 1H), 4.16 (m, 1H), 3.81 (m, 2H), 2.76 (m, 1H), 2.59 (m, 1H), 2.54 (m, 1H), 2.21 
(s, 3H), 1.29 (m, 6H), 0.91 (s, 9H), 0.10 (s, 6H); HRMS (FAB+) calculated for C22H38O5N5SiS 
[(M+H)+]: 512.2363, found: 512.2344. 
To a stirred solution of 22 (1.0 g; 2.0 mmol) in dry pyridine (22 ml), diphenylcarbamoyl 
chloride (Ph2NCOCl) (677 mg; 2.92 mmol) and N, N-diisopropylethylamine (DIEA) (1.02 mL; 
5.9 mmol) were added. The reaction mixture was stirred under argon atmosphere at room 
temperature for 3 hours. The solvent was removed under high vacuum. The crude product was 
purified by flash column chromatography (ethyl acetate/hexane, 1:1 to 7:3) to afford 2-N-
isobutyryl-6-O-(diphenylcarbamoyl)-3’-O-MTM-5’-O-TBDMS-2’-deoxyguanosine (23) as a 
yellowish powder (1.09 g; 80% yield). 1H NMR (400 MHz, CDCl3): δ 8.25 (s, 1H), 7.94 (br s, 
1H), 7.37-7.47 (m, 10H), 6.42 (m, 1H), 4.75 (m, 2H), 4.71 (m, 1H), 4.18 (m, 1H), 3.70-3.88 (m, 
2H), 2.80 (m, 1H), 2.60 (m, 1H), 2.19 (s, 3H), 1.30 (d, J = 7.2 Hz, 6H), 0.93 (s, 9H), 0.14 (s, 
6H); HRMS (FAB+) calculated for C35H47O6N6SiS [(M+H)+]: 707.3047, found: 707.3068. 
To a stirred solution of 23 (786 mg; 1.1 mmol) in dry CH2Cl2 (8 ml), cyclohexene (560 
µL; 5.56 mmol) and flash distilled SO2Cl2 (180 µL; 2.2 mmol) were added. The reaction mixture 
was stirred under argon atmosphere at 0 oC for 1.5 hours. The solvent was first removed under 
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reduced pressure and then under high vacuum for 20 minutes. The residue was dissolved in 
anhydrous DMF (5 mL) and reacted with NaN3 (600 mg; 10 mmol) at room temperature for 3 
hours. The reaction mixture was dispersed in distilled water (50 mL) and extracted with CH2Cl2 
(3x50 mL). The combined organic extract was dried over anhydrous Na2SO4 and concentrated 
under reduced pressure. The residue was dissolved in CH3OH (5 mL) and reacted with NH4F 
(500 mg; 13.5 mmol) at room temperature for 40 hours. The solvent was removed under reduced 
pressure. The residue was suspended in water (50 mL) and extracted with CH2Cl2 (3x50 mL). 
The combined organic extracts were dried over anhydrous Na2SO4 and concentrated under 
reduced pressure. The crude product was purified by flash column chromatography (hexane/ethyl 
acetate, 1:1 to 1:5) to afford 2-N-isobutyryl-6-O-(diphenylcarbamoyl)-3’-O-azidomethyl-2’-
deoxyguanosine (24) as white powder (230 mg; 36% yield). 1H NMR (400 MHz, DMSO-D6): δ 
8.64 (br s, 1H), 7.34-7.48 (m, 10H), 6.36 (t, J = 7.0 Hz), 4.93 (m, 2H), 4.76 (m, 1H), 4.04 (m, 
1H), 3.57 (m, 1H), 3.34 (m, 2H), 2.97 (m, 1H), 2.81 (m, 1H), 1.10 (m, 6H); HRMS (FAB) 
calculated for C28H30O6N9 [(M+H)+]: 588.2319, found: 588.2343.     
The preparation of the final product N3-dGTP (15) is similar to the synthesis of 3’-O-
azidomethyl-dTTP (17) using POCl3 and pyrophosphate in trimethyl phosphate.  1H NMR (400 
MHz, D2O) δ 7.93 (d, 1H), 5.95 (t, 1H), 4.52 (m, 1H), 4.25 (m, 1H), 3.92 (m, 2H), 3.19-3.42 (m, 
3H), 2.80 (m, 1H), 2.50 (m, 1H), 2.20 (br s, 2H); 31P-NMR (121.4 MHz, D2O) δ -10.63 (d, J = 
19 Hz, 1P), -11.35 (d, J = 22 Hz, 1P), -23.85 (t, J = 21Hz, 1P). 
 
3.3.2.3.  Preparation for surface enhanced Raman spectrometry measurement 
N3-dNTPs were dissolved in water to form a 100 µM solution, and a 2 µL aliquot was 
deposited onto individual Klarite SERS substrates and dried in ambient air to obtain a uniform 
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molecular deposition for Raman measurements, as shown in Fig. 3.6. Equivalent amounts of the 
natural deoxynucleotides were deposited on 4 separate slides in the same way.  
 
3.3.3.  Single base extension reactions 
Polymerase extension reactions (Fig. 3.8) each consisted of 20 pmol of a synthetic 51-
mer DNA template (5’-GAGGCCAAGTACGGCGGGTACGTCCTTGACAATGTGTACATC 
AACATCACC-3’) corresponding to a portion of exon 7 of the human p53 gene, 60 pmol of 
primer (5’-CACATTGTCAAGG-3’) or a previously extended and TCEP-cleaved product, 100 
pmol of a single NRT (N3-dATP, N3-dCTP, N3-dGTP, or N3-dTTP), 1X ThermoPol reaction 
buffer (New England BioLabs, Inc), 1 unit TherminatorTM III DNA polymerase and deionized 
H2O in a total volume of 20 µL. Reactions were conducted in a thermal cycler (MJ Research). 
After initial incubation at 94 °C for 20 seconds, the reaction was performed for 36 cycles at 80 
°C for 20 seconds, 45 °C for 40 seconds and 65 °C for 90 seconds. 
After the reaction, a small portion of the DNA extension product was desalted using a Zip 
Tip C18 (Millipore, MA) and analyzed by MALDI-TOF MS (ABI Voyager, DE). The remaining 
product was concentrated further under vacuum and purified by reverse phase HPLC on an 
XTerra MS C18 2.5 µmol 4.6 mm x 50 mm column (Waters, MA) to obtain the pure extension 
product (retention time ∼29 min). Mobile phase: A, 8.6 mM triethylamine/100 mM HFIP in 
water (pH 8.1); B, methanol. Elution was performed at 40 °C with a 0.5 mL/min flow rate, and 
with 88% A / 12% B to 65.5% A / 34.5% B linear gradient for 90 min, then 100% B for another 
20 min. The purified product was used in the subsequent TCEP cleavage reaction.  
The 3’-O-azidomethyl group on the DNA extension product generated by incorporating 
each of the NRTs is efficiently removed by the Staudinger reaction by dissolving 100 pmol 
 88 
extension products in 10 µl of 100 mM TCEP in Tris buffer (1 M, pH 9.0), and incubating at 65 
°C for 25 min (Fig. 3.9). Following dilution in 1 ml deionized H2O and desalting in an Amicon 
Ultra-0.5 centrifugal filter unit with Ultracel-3 membrane (Millipore), 2 µl was used to obtain the 
MALDI-TOF mass spectrum. Each cleavage product was used as primer in the subsequent 




Figure 3.8.  Polymerase DNA extension reaction using N3-dNTPs as reversible terminators. The primer is 
extended by DNA polymerase according to the template sequence. When a 3’-azidomethyl modified 
nucleotide is incorporated, the further extension is temporarily paused, and the product is checked by 
MALDI-TOF MS based on molecular weight and Raman spectrometry for detection of the azidomethyl 
group. Then the 3’-OH group can be generated with TCEP treatment and the next round of incorporation 
may be resumed.  
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Figure 3.9. Mechanism of cleavage of the 3’-O-azidomethyl group from the DNA extension products 
with TCEP to regenerate the 3’-OH group[22]. 
3.3.4.  Sample preparation for surface enhanced Raman spectroscopic detection of 
sequencing by synthesis products 
For Raman measurement of the purified DNA extension and cleavage products, 30 pmol 
of extension or cleavage DNA product (3 µL of 100 µM DNA solution) was deposited on Klarite 
SERS substrates and dried in ambient air to obtain a uniform layer. A 3 µL aliquot of the 100 µM 
DNA extension products was deposited onto a Klarite SERS-active substrate; similarly, 30 pmol 
of cleavage products were spotted. 
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3.3.5.  Instrumentation for Raman measurement 
All Raman/SERS spectra were recorded using a Jobin-Yvon LabRam ARAMIS Raman 
microscope (Horiba, Japan) in a standard backscattering configuration with a 785 nm excitation 
laser. The laser beam was focused onto the sample using a 50X long working-distance (NA = 
0.5) dry objective (Nikon). All spectra in this work were obtained with an exposure time of 10 
sec, 5 accumulations per spot and 100 mW laser power. 
 
3.3.6.  Analysis 
Due to potential non-uniformity of analyte deposition, a data set of N spectra (in this 
experiment, typically N=10) acquired at randomly selected regions on the same substrate was 
obtained. Data are presented as background removed averages of such a data set. Spectra were 
processed using the Savitzky-Golay fourth derivative method (window size of 25 data points), 
which can effectively reduce or eliminate possible false correlations resulting from a constant 
offset or broadband background[25, 26]. 
 
3.4.  Conclusion 
In this part of the thesis, we have demonstrated DNA sequencing by synthesis using 
surface-enhanced Raman spectroscopy. In this approach, the azidomethyl group at the 3’-OH 
position of the nucleotides has a dual function. It temporarily terminates the polymerase reaction 
after incorporation of the complementary nucleotide and can be efficiently removed later with 
TCEP treatment to regenerate the 3’-OH group for the next nucleotide incorporation cycle. In 
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addition to this reversible terminator function, the azidomethyl group acts also as Raman reporter 
group during SBS. Once the complementary nucleotide was incorporated into the growing DNA 
strand, a Raman peak appeared at 2125 cm-1, otherwise, this portion of the spectrum was at 
background level. This method of DNA sequencing is realized with only minor nucleotide 
modifications. The nucleobases are intact and the DNA primer remains in its natural form as it’s 
elongated during SBS, therefore, a longer read length would be expected. Though each reaction 
was carried out in solution and then purified and spotted on separate Klarite chips for this proof-
of-principle study, future SBS experiments will follow continuous incorporation and cleavage on 
the same chip. Integration of nanoplasmonic systems together with site specific molecular 
interactions to yield reproducible and optimal signal enhancement will be achieved by attaching 
either the DNA or the polymerase to the SERS surface, permitting washing away of unreacted 
nucleotides and other reactants. 
A further future innovation is the use of a library of different nucleotides with distinct 
chemical side groups on the azidomethyl moiety, one for each of the 4 bases, chosen so as to 
generate unique or multiple Raman band shifts and therefore unique signatures for each base, 
analogous to 4-color DNA sequencing. This would obviate the need to add the 4 nucleotides one 
at a time. Identification of which nucleotide analogues can perform these functions and be 
incorporated by a polymerase is critical. The concept elaborated in this initial exploration of the 
sensitivity of SERS in detecting the azide group for SBS can be developed further with the use of 
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Chapter 4.  Single Molecule Electronic DNA Sequencing by Synthesis Using 
Nano-Tag Labeled Nucleotides and Nanopore Detection  
In this chapter, a novel strategy of DNA sequencing by synthesis (SBS) utilizing an ionic 
current blockade nanopore detector with single molecule (SM) sensitivity is described. This 
Nano-SBS methodology combines the advantages of SBS with the speed and sensitivity of 
nanopore detection. While the ability to recognize each base for sequencing as it passes through 
the nanopore with absolute confidence remains a challenge, an alternative strategy, that uses 
different polymer tags attached to the terminal phosphate of the nucleotides, might provide a 
feasible real-time SM electronic DNA sequencer[1]. In this strategy, as each nucleotide is being 
incorporated during the nucleotidyl transfer reaction, the specific polymer tag on the terminal 
phosphate group (Nano-Tag) will be captured by the nanopore under an applied voltage, yielding 
a distinct current blockade signal precisely identifying the incorporated nucleotide.   
Three features of the Nano-SBS approach are addressed here, which will be optimized for its 
wide application: (1) increasing the time available for determining the sequence by extending the 
life time of the polymerase ternary complex stage of the enzymatic cycle; (2) identifying an 
appropriate polymerase which can accept the polymer tagged nucleotides as efficient substrates; 
and (3) building a sequencing engine in which the polymerase is held in close apposition to the 
nanopore to achieve rapid capture of the complementary tagged nucleotide complexed with the 
polymerase. In the course of these studies, it was necessary to develop a variety of tools for 
assessing polymerase extension reactions, involving FRET and fluorophore-quencher 
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combinations. Finally, with all these tools in place, actual Nano-SBS reactions were performed 
on a nanopore array developed by our collaborators at Genia Technologies.  
This chapter begins with a schematic overview of the Nano-SBS approach. It is followed by 
a study on the effects of different metal ions on the formation of the ternary complex 
(Polymerase-DNA-dNTPs), which is the step before phosphodiester bond formation, using a 
fluorescence resonance energy transfer (FRET) method (Section 4.2.2). This determines the 
maximum duration that tags on the nucleotides can be captured in the nanopore. In the next 
section, the synthesis and polymerase extension results for four nucleotide hexaphosphates with 
5’-Nano-Tags is described using an enzyme, Bst2.0, that can accept these nucleotides as 
substrates for the polymerase reaction (Section 4.2.3). In the third section, the α-HL nanopore 
and DNA polymerase are conjugated via a highly efficient Diels-Alder reaction and the resulting 
conjugate analyzed for its polymerase activity using a molecular beacon assay (Section 4.2.4). 
Finally, in Section 4.2.5, using a nanopore chip array platform developed by our collaborators at 
Genia Technologies, the corresponding current blockade signals are measured for one matching 
Nano-tagged nucleotide in the ternary complex (Polymerase-DNA-dNTPs), two matching tagged 







4.1.  Introduction 
DNA sequencing is a fundamental technology in the biological and medical sciences. With 
the increasing interest in individualized medicine, the development of new technologies 
providing high-throughput, accurate and low cost DNA sequencing is a high priority. Currently, 
next generation sequencing platforms utilizing SBS techniques dominate the field, but they are 
still too expensive for routine clinical screening. Recently, SM sequencing strategies have been 
shown to have great potential in achieving long read lengths, which is critical for large scale and 
reliable genomic analysis. In particular, biological or synthetic nanopores capable of detecting 
individual DNA or RNA sequences have been the focus of active research, potentially leading to 
the promise of sufficiently high-throughput and low cost sequencing to serve the needs of 
personalized medicine.  
 
4.1.1.  Combining sequencing by synthesis with nanopore detection 
The SBS approach using cleavable fluorescently labeled nucleotide reversible terminators 
(CF-NRTs) was originally developed in our laboratory[2]. Based on the ability to pause after each 
nucleotide addition during the polymerase reaction, and the use of specific fluorescent dyes to 
discriminate among the 4 nucleotide bases, SBS has come to dominate the next generation 
sequencing market. However, a major limitation of the fluorescent SBS approach is the 
requirement for complex and expensive optical imaging. Combining the advantages of SBS – 
especially its high accuracy – with the speed and single molecule sensitivity of nanopore 
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detection, one might realize an electronic ionic current blockade detector capable of SM 
sensitivity for DNA sequencing.   
Kumar et al. showed that a relatively bulky chemical group can be added to the terminal 
phosphate of nucleotides without affecting the ability of these nucleotides to be recognized as 
substrates by certain polymerases in DNA extension reactions[1, 3-6]. The Nano-SBS approach 
was developed with the following features[1]. If each nucleotide has a unique 5’-polymer tag, 
after the polymerase extension reaction, the incorporated nucleotide will release its specific 
tagged polyphosphate, which will pass through the nanopore under an applied voltage and cause 
a unique current blockade. Unlike in strand sequencing detection methods[7,8], in this Nano-SBS 
approach, the discrimination among the four bases is not only abetted by slowing down the 
translocation rate, but more because of the differences of each Nano-SBS-tag’s structure, size, 
mass and charge. Thus, by utilizing this advantage, the accuracy and reliability required for base-
to-base sequencing with nanopore detection would potentially be achievable.  
The ultimate SBS system is shown schematically in Figure 4.1[1]. DNA polymerase is 
bound in close proximity to the nanopore and a template to be sequenced is added along with the 
template-specific primer. Next, four different terminal phosphate labeled nanopore-discriminable 
tagged nucleotides (Nano-Tag-dNTPs) are added to this template-primer and polymerase 
complex. When the appropriate Nano-Tag-dNTP is captured by the polymerase, the polymerase 
undergoes a conformational change, from an “open” to a “closed” state to form a tight ternary 
complex (polymerase – DNA – dNTP) in the presence of certain metal ions. At the same time, 
the tag on the nucleotide will be captured by the nanopore due to an applied voltage gradient and 
generate a recorded current blockade signal, which would then be used to identify the added 
nucleotide. Each tag is designed to have a different size, mass or charge, so that they would 
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generate different electronic blockade signatures. The tag will be released when the α-phosphate 
group forms the phosphodiester bond with the 3’-OH of the growing DNA strand during the 






Figure 4.1. Schematic of single molecule DNA sequencing by nanopore detection with phosphate-tagged 
nucleotides. In this Nano-SBS method, each of the four nucleotides will carry a different tag (red – T, 
purple – G, blue – A, green – C). During SBS, these tags, attached via the 5’-phosphate of the nucleotide, 
will be released into the nanopore one at a time where they will produce unique current blockade 
signatures (bottom). For the purpose of illustration only, several tags are shown inside the pore in the 
order of their sequential release; in actuality only one tag will enter the pore at a time. A large array of 
such nanopores could lead to parallel, high throughput DNA sequencing. 
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Recently in our laboratory, the proof of principle of this Nano-SBS sequencing approach 
has been demonstrated[1]. Four poly(ethylene) glycol (PEG) tags with different length were 
attached to the terminal phosphate of 2’-deoxyguanosine-5’-tetraphosphate [Fig 4.2]. Each of the 
four PEG tags enters the nanopore and generates a signal specific to its base [Fig 4.3]. An 
important feature of the Nano-SBS approach is that since the modifications are on the terminal 
phosphates and will be released after the polymerase reaction, the extended DNA chains contain 
all natural nucleotides without any modifications, allowing SBS to continue over extensive 
lengths. The demonstration of this Nano-SBS principle therefore laid the foundation for future 
development of a complete system for single molecule DNA SBS with nanopore detection.  
 
Figure 4.2. Deoxyguanosine tetraphosphates with 4 different terminal phosphate-linked tags were tested 
in preliminary experiments[1]. 
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An example of the nanopore detection of four nanotags, one representing each of the 4 
nucleotides, is presented in Fig. 4.3. A single α-HL nanopore was used in this experiment, with 
addition of a mixture of the 4 coumarin-PEG-NH2 tags. A time series of capture events (top) was 
produced, in which time is displayed on the x-axis and current levels on the y-axis, a portion of 
which is amplified at left. As shown in the time series, each tag produced a distinct current 
blockade relative to the open pore current related to its overall size. Thus, the PEG16 tag has the 
highest blockade current (lowest % decrease from open pore current), the PEG36 tag the lowest 
blockade current, with PEG20 and PEG24 tags displaying intermediate blockade currents in the 
expected order. Moreover, when a relative frequency distribution is generated from the 
histogram of % blockade events (<i>/<iopen>), as shown at right, 4 well-separated peaks are 
obtained. The length of the colored rectangles in this plot (or the width of the rectangles in the 
profile plot at left) represents 6σ error distributions for each peak, indicating that the peaks are 
well enough separated that most single events should be easily ascribable to a particular tag. 
Based on these results, and assuming that these tags when attached to the 4 nucleotides would 
demonstrate a similar behavior, it was calculated that a single base could be discriminated with 
>1 in 5x108 event accuracy. Though not indicated here, dwell times were also shown to depend 
on tag size, offering further opportunity to assign individual events to a particular tag, i.e., based 
on a combination of current level and dwell time.  
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Figure 4.3. Discrimination of the coumarin-PEGn-NH2 tags in protein nanopores at single molecule level. 
(Top) Current blockade profile of four coumarin- PEGn-NH2 tags (n = 16, 20, 24 and 36) versus time. 
(Lower Left) A subset of the above time series data highlights characteristic current blockade signatures 
by size of the different PEG tags as they translocate through the nanopore. (Lower Right) Histogram of 
the mean current blockade caused by the four individual PEG tags[1]. 
 
4.1.2.  Processivity of polymerase reaction – a rate limiting factor for Nano-SBS 
 One of the biggest challenges for DNA strand sequencing by nanopore is that the speed 
of translocation through the pore is too fast to identify each nucleotide. With appropriate 
polymerases, the polymerase reaction itself displays high processivity and stable rates of base 
incorporation. Indeed, polymerase reactions have been used to control the movement of DNA 
strands through nanopores for direct base discrimination[7,8]. The rate of nucleotide incorporation 
in native polymerase reaction is approximately 1000 nucleotides per second, i.e., a millisecond 
(ms) per base addition, while the transport rate through the nanopore is one molecule per 
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microsecond. Thus, with proper engineering optimization, one might expect no de-phasing issue 
when sequencing DNA with the Nano-SBS approach, nor will there be difficulties with the 
decoding of homopolymer stretches.  
With the general design of the Nano-SBS system in mind, there are several required 
properties for the ideal polymerase: 1) high tolerance to extensive γ-phosphate modifications in 
order to incorporate Nano-SBS tag-labeled nucleotides; 2) high affinity to the template; 3) high 
processivity to be able to incorporate many nucleotides without dissociating from the template in 
order to achieve long read length; 4) high fidelity for continuous accurate sequencing; 5) lack of 
3’-5’ exonuclease activity for continuity of polymerization  to avoid errors. 
 The bacteriophage phi29 DNA polymerase (phi29 DNAP) is an attractive candidate for 
Nano-SBS, due to its processivity and high affinity for DNA substrates. The biggest drawback is 
that phi29 DNAP has strong 3’-5’ exonuclease activity, which would be expected to cause errors 
during sequencing, especially at the SM level. Mutation of the polymerase to reduce the 
exonuclease activity has been accomplished, but complete elimination of the 3’-5’ exonuclease 
activity hasn’t been achieved[9, 10]. 
 Bst2.0 DNA Polymerase (Bst2.0 DNAP), though not as processive as phi29 DNAP, is 
another good candidate because of its high strand displacement activity and thermal stability up 
to 70 oC[11]. It is the large fragment of Bacillus stearothemophilus DNA polymerase. The absence 
of 3’- 5’ exonuclease activity in this enzyme makes it feasible for use in Nano-SBS .  
 In summary, the Nano-SBS combines the advantages of SBS with the speed and 
sensitivity of nanopore detection. DNA polymerases form tight ternary complexes with 
primer/template DNA and the correct phosphate Nano-Tag nucleotide at the active site. When a 
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tagged nucleotide enters into such a ternary complex in the vicinity of a pore, the tags are readily 
captured by the pore, and current levels unique to each of the 4 nucleotides are detected. Upon 
complete incorporation of the nucleotide, the tag is released and pulled through the pore making 
the polymerase-pore-template construct available for the next incorporation event. Natural 
nucleotides remain in the newly extended primer strand, which makes long reads possible. The 
capture of a specific tag (Nano-SBS tag) by the nanopore yields a distinct current blockade 
signal precisely identifying the incorporated nucleotide. In order to realize such a system, the 
nanoscale positioning of the polymerase in the vicinity of the pore (i.e., a single molecule 
detector) is an essential requirement for successful Nano-SBS tag recognition during the DNA 
sequencing reaction.  
 
4.2.  Results and Discussion 
4.2.1.  General principle of single molecule electronic DNA sequencing by synthesis using 
5’-phosphate nanopore detectable-tagged nucleotides and nanopore detection.   
Fig. 4.4 shows the overall principle of the Nano-SBS approach. As each Nano-Tag dNTP 
(Fig. 4.4 b) forms a ternary complex with the polymerase, the DNA template and the primer on 
top of the nanopore in preparation for incorporation into the growing DNA strand, the tags enter 
the nanopore (Fig. 4.4 a), producing unique ionic current blockade signatures due to their 
distinct chemical structures. Upon phosphodiester bond formation, the tag is released and 
traverses the pore, and the polymerase translocates to the next template nucleotide. Thus each 
nucleotide in the sequence is determined in order electronically at single molecule level with 
single base resolution (Fig. 4.4 c). Free Nano-Tag dNTPs are driven through the pore by the 
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applied voltage, however the ones that are captured by the polymerase will be held in the 
nanopore longer than the free flowing Nano-Tag dNTPs not interacting with the polymerase. 
This tag-based Nano-SBS system offers the following advantages over strand sequencing 
through nanopores: (1) it overcomes the inherent constraints imposed by the small differences 
among the 4 bases by instead using 4 large and distinct molecular tags, which are easily 
differentiated by a nanopore, and (2) there is no need to slow down the transit speed of the tag 
through the pore as long as the tag is detectable, because when the polymerase captures the 
correct nucleotide, the incorporation rate is much slower than the interaction time of an 
uncaptured tag with the nanopore. At the same time, this would eliminate phasing issues inherent 
to strand sequencing. 
For this system to work effectively, a number of features need to be developed. Three 
important features will be discussed here: (1) extending the duration that tags on the nucleotides 
complexed with the polymerase can be captured in the nanopore using catalytic and non-catalytic 
metal ions; (2) synthesizing novel Nano-Tag dNTPs and demonstrating their ability to be 
incorporated into the growing primer strand by a DNA polymerase; (3) conjugating the α-HL 
nanopore and DNA polymerase for rapid capture of the tag in nanopores; (4) demonstrating 
proof-of-principle nanopore-based studies on ternary captures. 
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Figure 4.4. Nano-SBS Principle of Operation. (a) The α-hemolysin Nanopore-DNA Polymerase 
Sequencing Engine: a single DNA polymerase is covalently attached to an α-HL nanopore heptamer. 
Primer and template DNA (shown as a double-hairpin conformation) bind, along with a tagged nucleotide 
during the polymerase reaction. (b) A diagram of the tagged nucleotides. (c) SBS schematic showing the 




4.2.2.  Evaluation of metal ion effects on polymerase ternary complex formation using 
Förster resonance energy transfer 
4.2.2.1.  Experimental design 
The Nano-SBS technology takes advantage of the ternary (Polymerase-DNA-dNTP) 
capture process, which can distinguish the correct and incorrect incoming dNTPs based on the 
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duration of capture times.  Certain divalent metal ions allow non-covalent ternary complex 
formation but not nucleotide incorporation, whereas different metal ions are required for the 
nucleotide incorporation process. The goal is to eventually be able to use a combination of these 
two types of metal ions to control the ternary complex formation, the tag capture and sequencing 
time.  
The Klenow polymerase - DNA complex is known to undergo a rate limiting, protein 
conformational transition from an 'open' to 'closed' state, upon binding of the 'correct' dNTPs at 
the active site.  Work done by Benkovic and co-workers[12] has defined the minimal reaction 
pathway for the Klenow fragment (KF) using rapid chemical quenching methods (Fig. 4.5).  For 
the purpose of Nano-SBS design, the most important step is the noncovalent rate-limiting step 
preceding phosphoryl transfer of the correct dNTP[13-15]. 
 
Figure 4.5.  Schematic view of the kinetic steps of an extension reaction. First, the enzyme (E) forms a 
binary complex with template-primer (DNA), step 1. It then forms a ternary complex when the correct 
nucleotide gets captured (dNTP), step 2 – 3. Finally the chemical extension reaction elongates the DNA, 
releasing a pyrophosphate (PPi), steps 4 – 6[12]. 
 
All DNA polymerases adopt a common mechanism for nucleotidyl transfer. As shown in 
Figure 4.6, two metal ions in the polymerase active site (A and B) contact two strictly conserved 
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aspartate residues. Metal ion A facilitates the attack of the 3’-OH of the primer on the α-
phosphate of the incoming nucleotide. Metal ion B interacts with the β and γ phosphates to 
enhance stability and facilitate the pyrophosphate release[16, 17]. 
 
Figure 4.6. Schematic of a common nucleotidyl transfer mechanism for DNA polymerases. Two metal 
ions in the polymerase active site (A and B) complex with two strictly conserved aspartate residues. Metal 
ion A assists the 3’-OH of the primer in its attack on the α-phosphate of the incoming nucleotide. Metal 
ion B interacts with the β and γ phosphates to stabilize the complex[17]. 
 
The impact of different metal ions on the ternary complex was studied in order to 
increase the time the nucleotide is complexed with the polymerase with the aim of increasing 
dwell time in the nanopore to achieve more accurate base calling. A Förster resonance energy 
transfer (FRET) based assay was developed for studying the ternary capture conditions needed 
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when a binary complex of DNA polymerase I (Klenow fragment, KF) with a primer-template, 
binds with a complementary dNTP, as shown in step 3 of Fig. 4.5.  To determine the different 
metal ion effects on ternary complex formation with KF, our strategy was to observe FRET from 
a donor fluorophore covalently bound to the incoming nucleotide, to an acceptor attached to the 
DNA primer-template duplex.  
Alexa-488 was used as the donor fluorophore on the incoming nucleotides, and Cy5 as 
the acceptor label on the DNA templates, as shown in Fig. 4.7. When the donor (Alexa-488) is 
excited using light at 496 nm, fluorescence at ~520 nm is observed. In the presence of the 
acceptor (Cy5) in close proximity, the excited state energy of the donor is transferred to the 
acceptor by dipole-dipole interactions. As a result, fluorescence of the acceptor (Cy5) at ~660 
nm can be observed. This energy transfer phenomenon can only happen when the donor and 
acceptor are close enough to each other, which is the case when the Alexa-488 labeled nucleotide 
is captured by the polymerase to form the ternary complex when appropriate metal ions are 
introduced. This method is simpler than modifying the fingers subdomain of the 
polymerase[18,19].  Our goal is to find a divalent metal cation that enhances the formation of the 
ternary complex but does not promote nucleotide incorporation (phosphodiester bond formation) 




Figure 4.7.  The schematic and nomenclature of the FRET assay are shown here: (a) the schematic design: 
self-primed template DNA shown in black with covalently attached flurophore Cy5 (red, acceptor) and 
Alexa-488 (green, donor) labeled nucleotides in a ternary complex with polymerase. When light (496 nm 
from a Xe-lamp with monochromator) excites the donor fluorophore (Alexa-488),  it will transfer energy 
to the acceptor (Cy5) when they are sufficiently close to each other.  (b) Absorption (dotted lines) and 
emission (solid lines) spectra of both fluorophores are shown for each dye.  
 
4.2.2.2.  Fluorescence emission spectra of the extended DNA substrates 
Because the Förster energy transfer efficiency is distance-dependent, in order to 
determine the best location for labeling on the DNA primer-template, three locations were tested 
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based on a previous study[20].  For this study, the donor (Alexa-488) labeled nucleotide was 
incorporated into the primer-template.  To confirm that the fluorophores in the labeled nucleotide 
and template do not disturb the polymerase extension reaction, the extension products for all 
three Cy5 positions used in this study, as shown in Fig 4.8 c, were measured by MALDI-TOF 
MS and gave identical spectra with the DNA template starting material with a peak at 11472 m/z 
and the extension product at 12300 m/z indicating that a major portion of the starting material 
was converted to the extension product.  The percent incorporation is related to the ratio of 
template and nucleotides used.  With the donor tagged nucleotide being incorporated, the 
location of the acceptor on the primer-template that gives the maximum emission signal of the 
acceptor corresponds to the most efficient distance for energy transfer. The ratio between the 
fluorescence intensities of the donor and acceptor is used to quantify the energy transfer 
efficiency (IAlexa/ICy5). A smaller ratio indicates increased energy transfer efficiency.  Based on 
the experimental results shown in Figure 4.8, labeling with Cy5 at the 5th position from the 3’ 
end where nucleotide addition occurs (DNA5-Cy5) gives the maximum energy transfer, and all 







Figure 4.8.  Klenow fragment extension results in commercial buffer of three self-primed templates with 
the same sequence, but different labeling positions from the first available position on the template 
adenine (dATP), with addition of dTTP-Alexa488. (a) The unique fluorescence signatures of energy 
transfer tags generated with intensity of donor and acceptor. The ratio of IAlexa/ ICy5 indicates the efficiency 
of this energy transfer, with the smaller number indicating higher efficiency. (b) The result for MALDI -
TOF MS measurement of the extension products is shown.  All three templates under identical reaction 
conditions give the same extension results. (c) The sequence of self-primed template and labeling 
positions for Cy5. 
 
4.2.2.3.  Fluorescence emission spectra without extension of DNA substrates  
In order to study conformational transitions that take place before phosphodiester bond 
formation, the ternary complex formation of Klenow fragment (KF) of E. coli DNA polymerase 
I, DNA template (DNA5-Cy5) and dNTP (dTTP-Alexa488) was studied by fluorescence 
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spectroscopy in the absence of magnesium ions (Mg2+). In the absence of metal ions, such as 
Mg2+ or Sr2+, only fluorescence of Alexa-488 (donor) was observable with no detectable 
fluorescence of Cy5 (acceptor) after excitation at 488 nm (Fig. 4.9 C).  Subsequent additions of 
SrCl2 from 2 to 8 mM caused a decrease in Alexa-488 fluorescence and an increase in Cy5 
fluorescence (Fig. 4.9 A, B) which is caused by energy transfer. The observation of energy 
transfer indicates that a ternary complex between the DNA template (containing Cy5), dTTP-
Alexa488 and polymerase is formed. No FRET signal of Cy5 at ~670 nm was observable in the 
absence of any of the three components (DNA template, dTTP-Alexa488 or polymerase). After 
performing the fluorescence analysis, the solution containing DNA template, dTTP-Alexa488, 
polymerase and 8 mM SrCl2 was analyzed by MALDI-TOF MS. A single peak at 11472 (m/z) 
corresponding to the DNA loop primer-template’s molecular weight was observed (Fig. 4.9 D), 
which shows that no incorporation of dTTP-Alexa488 into the DNA template occurred. 
Therefore, the observed fluorescence energy transfer in the presence of Sr2+ is caused by a 
dynamic ternary complex between DNA template, dTTP-Alexa488 and polymerase. Further 
proof of the non-covalent nature of the ternary complex was provided by addition of an 
equimolar amount of ethylenediaminetetraacetic acid (EDTA), which chelates the Sr2+ ions. No 
fluorescence signal from Cy5 due to FRET was observable 2 minutes after addition of EDTA 
(Fig. 4.9 E). Furthermore in another experiment, after formation of the ternary complex 
(between DNA template, dTTP-Alexa488 and polymerase) a natural dNTP (which does not 
contain Alexa-488) was added. Because the natural dTTP is preferred by the polymerase over 
Alexa-488 labeled dTTP, dTTP-Alexa488 was replaced by natural dTTP in the dynamic ternary 
complex which caused a disappearance of the FRET signal (Fig. 4.9 F). These experiments show 
 114 
that under ternary complex formation conditions, elicited by non-catalytic metal ions, the binding 
of the nucleotide is reversible and there was no phosphodiester bond formation.  
 
Figure 4.9.  Fluorescence study of energy transfer dye-labeled ternary complex formation in the presence 
of strontium ions: (A) adding SrCl2 from 2 to 8 mM; (B) zoom-in view of the acceptor Cy5 emission 
region; (C) negative control with no metal ions added; (D) MALDI-TOF MS spectrum of the DNA 
molecule to prove no incorporation in (A); (E) energy transfer signal removed by quenching with EDTA; 
(F) energy transfer signal decreased by competition with dTTP. 
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Besides strontium ion (Sr2+), which permits ternary complex formation but not 
incorporation of the nucleotide, and magnesium ion (Mg2+), which catalyzes incorporation, four 
other metal ions, chromium (Cr2+), rhodium (Rh3+), magnesium (Mn2+) and calcium (Ca2+) ions 
were tested, as shown in Fig. 4.10.  Addition of Cr2+ or Rh3+ to solutions containing DNA-
template, dTTP-Alexa488 and polymerase did not generate observable FRET signal (Fig. 4.10 
A, C). Increasing FRET signals were observed when Mn2+ or Ca2+ were added (Fig.4.10 B, D). 
However, the FRET signal was not reversible by scavenging of Mn2+ or Ca2+ with EDTA, which 
is indicative of dTTP-Alexa488 incorporation into the DNA-template.  
 
Figure 4.10. Fluorescence spectra of solutions containing DNA5-Cy5, dTTP-Alexa488 and polymerase in 
the absence and presence of different amounts of Cr2+ (A), Mn2+ (B), Rh3+ (C), and Ca2+ (D) with 
excitation at 488 nm. The black spectra in (B) and (D) contain 8 mM of EDTA. 
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In summary, of the metal ions tested, only Sr2+ showed the desired property of promoting 
ternary complex (Polymerase-DNA-dNTP) formation but not catalyzing nucleotide 
incorporation. Therefore, Sr2+ can be used together with catalytic metal ions to elongate the 
ternary capture phase to increase the dwell time in Nano-SBS. For the later measurement on 
chips for the study of Nano-SBS, Bst2.0 was used instead of KF due to its ability to incorporate 
the newly designed 5’-phosphate tagged nucleotides into the growing primer strand.  
 
4.2.3.  Design, synthesis and characterization of 5’-phosphate tagged nucleotides. 
Different terminal phosphate tagged nucleoside 5'-tetra-, penta- or hexa-phosphates have 
been designed and synthesized as well as tested in polymerase extension reactions coupled with 
detection by nanopore to determine which tags or bulky groups attached to the terminal 
phosphate produce more dramatic differences in nanopore electronic blockade signals among 
different bases. As shown in Fig. 4.11, the synthesis of these tagged nucleotides, shown here for 
a tagged dATP (25) as an example, starts with 6-Fmoc-aminohexanol (29), which reacts with 
phosphorus oxychloride (POCl3) and pyrophosphate, with triethyl phosphate as solvent, at 0 oC 
to form 6-aminohexyltriphosphate (30). The 6-aminohexyltriphosphate is activated by N, N 
carbonyl diimidazole (CDI) to form compound (31), which reacts with one of the dNTPs (e.g., 
dATP shown here) to obtain the respective aminohexyl-dN6P (32). Then, the modified dN6P 
reacts with azido-butyric acid-NHS to afford derivatives containing an azido group (33). Finally, 
the azido derivatives and hexyne-derivatized nanopore tag (Tag-alkyne) react to obtain the target 
molecule Nano-Tag dN6P (25) through an alkyne-azido cycloaddition click reaction. 
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Figure 4.11.  Scheme of synthesis of Nano-tag dN6P.  
 
 
 Four 5’-phosphate tagged 2’-deoxy-5’-hexaphosphate nucleosides (Nano-Tag dN6Ps) 
have initially been selected as the optimal ones for nanopore detection: dA6P-Cy3-T4-FldT-T-
FldT-T23-C3, dT6P-Cy3-T2-dSp8-T20-C3, dG6P-Cy3-T30-C3, and dC6P-Cy3-T4-dSp3-T23-C3 (Fig 
4.12 a)[21]. Each tag is about 30 bases long and gives unique current blockage under applied 
voltage mainly due to size and charge differences at the constriction site in the nanopore. For 
example, the abasic dSp3 and dSp8 spacer residues have a smaller diameter than nucleotides in 
ssDNA, while the attached fluorescein on thymidines in the FldT-T-FldT tags have a larger 
diameter(Fig 4.12 b).  After screening for a polymerase that accepts these Nano-Tag dN6Ps as 
substrates for extension reactions, Bst2.0 DNA polymerase (Bst2.0 DNAP) was identified to be 
able to carry out primer extension quickly and precisely at room temperature and had the added 
advantage of lacking 3’ to 5’ exonuclease activity.  
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Figure 4.12.  (a) Structures of four tagged nucleotides (Nano-tag dN6Ps)[21]: dA6P-Cy3-T4-FldT-T-FldT-
T23-C3 (25), dT6P-Cy3-T2-dSp8-T20-C3 (26), dG6P-Cy3-T30-C3 (27), and dC6P-Cy3-T4-dSp3-T23-C3 (28) 
where FldT refers to fluorescein attached at the 5 position of the deoxythymidine ring by a 6-carbon 
spacer arm, dSp3 and dSp8 refer to deoxyribose phosphate spacers of length 3 and 8 respectively, T refers 
to a deoxythymidine nucleotide, and C3 represents a propyl alcohol group at the 3’ end of the tag to 
prevent its cleavage by exonuclease activity present in some polymerases, as shown in (b).  
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 Polymerase extension reactions were performed using these four Nano-tag nucleotides 
and Bst2.0 DNAP, and the products were separated on a denaturing gel, as shown in Fig 4.13 a.  
Lane 1 is a negative control using the primer-loop-template “SimpleBell” only; lane 2 is a 
positive control following addition of the four natural dNTPs, and lane 3 is the extension reaction 
using the four 5'-tagged nucleotides. The similar extension results in lanes 2 and 3 prove the 
primer-loop-template can be successfully extended by 48 bases using only 5’-tagged nucleotides 
and Bst2.0 DNAP.  At the same time, 5'-tag-nucleotides are released during the reaction, which 
are seen as the lower bands in Fig. 4.13 a lane 3.  An important feature of the Nano-SBS 
approach is that the extended DNA chains contain all natural nucleotides without any 
modifications, allowing SBS to continue over extensive lengths. The purified Nano-Tag dN6Ps 
were measured by MALDI-TOF MS to compare their actual molecular weights to those obtained 
by calculation (Fig. 4.13 b).  
 In conclusion, Bst2.0 is capable of carrying out full extension reactions with at least four 
of the 5’-phosphate tagged nucleotides produced in our laboratory. These polymer tags, each on 




Figure 4.13.  Evaluation of the nano-tag dN6Ps: (a) SYBR gold stained 15% TBE-urea gel 
electrophoresis of full length DNA extension results: a negative control of the primer-loop-template alone 
is in the left lane (1); a positive control in which extension is carried out with the four natural dNTPs is in 
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the middle lane (2); and an extension reaction using the four 5'-tagged nucleotides is shown in the right 
lane (3). (b) MALDI-TOF MS spectra for the four purified Nano-tag dN6Ps confirm their expected m/z 
ratios, indicating successful synthesis.  
 
4.2.4. Design, synthesis and characterization of Bst2.0 DNA polymerase conjugated to 
modified alpha-hemolysin nanopore  
 An essential requirement of the Nano-SBS system is the reliable and timely capture of 
each nucleotide’s polymer tag by the adjacent nanopore, which is influenced by the inherent 
effects of diffusion and drift. Conditions must be engineered such that tags associated with 
nucleotides in the process of incorporation are captured quickly, consistently and in the correct 
order. Additionally, the capture rate of non-complementary unincorporated tag nucleotides 
should be minimized and interference from adjacent channels should be filtered out and 
negligible. To achieve this goal, a chemical conjugation strategy was investigated to place the 
polymerase close enough and in the right orientation of the nanopore for capture of the tags by 
the pore prior to and after their release.   
 DNA polymerase was bound in close proximity to the nanopore entrance through an 
efficient Diels-Alder (D-A) conjugation reaction[22]. A lysine at position 46 of an α-HL monomer 
was converted to cysteine (K46C) for site-specific attachment of the polymerase, and 6 histidine 
tags were introduced at the C terminals of this mutant monomer. K46C mutant α-HL was mixed 
with wild type α-HL in the presence of lipid to form heptamers with propriate wild type:mutant 
ratios.  Nanopores with 6 wild type monomers and 1 mutant K46C monomer (6:1) were 
separated from the other stoichiometric ratios via size exclusion and ion exchange 
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chromatography. The single naturally occurring cysteine in Bst2.0 DNAP was labeled with 
tetrazine (TA) via a maleimide side group, and the single introduced cysteine in the 6:1 pore was 
labeled with trans-cyclooctene (TCO). After the sample was purified through a size exclusion 
column, these labeled products were mixed together at a 1:5 ratio, with TA-labeled polymerase 
in excess.  
The coupling chemistry to attach the polymerase to the nanopore is shown in Fig 4.14. 
Size exclusion column purified denatured samples from each step were collected and run on a 
BioAnalyzer (Agilent) (Fig. 4.15 a, b) to provide analytical data, where "Rxn" is the product 
right after fast D-A click conjugation without purification and “NiNTA” is the “Rxn” product 
after the final Ni2+ column purification.  Samples were also separated on a Tris-Glycine extended 
(TGX) native protein gel (Fig 4.15 c), where the native and denatured samples can be compared. 
In native form (n lanes), the “6:1 pore” lane on the right side indicates the approximate position 
of the nanopore itself, and the bands above it are forms of 6:1 pores with attached polymerase. 
The fact that there are two bands above the native form of the 6:1 pore indicates there might be 
two polymerases bound to the same pore. This might be due to the impurity of the 6:1 pore 
preparation which might be contaminated by 5:2 or even other wild type:mutant type 
stoichiometries. The denatured (d) lanes show three major bands: K46C monomer with Bst2.0 
DNAP (conjugates), Bst2.0 DNAP (polymerase), and monomer (α-HL). Thanks to the presence 
of a His tag in the mutant α-HL monomer but not Bst2.0 polymerase ("NiNTA" lane), the 
majority of the unconjugated polymerase was removed in the nickel column. The quantitative 
analysis (b) of the Bioanalyzer run shown in (a) confirmed that the amount of unconjugated 
polymerase was sufficiently reduced from 154 ng/µl (blue) to approximately zero (red).  The 
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K46C monomer Bst2.0 DNAP conjugates and monomer (α-HL) were thus purified together in 
this step. 
 
Figure 4.14.  Nanopore-polymerase conjugation preparation for Nano-SBS. The fast click (Diels-Alder) 





Figure 4.15.  Purification of Bst2.0 DNAP-αHL nanopore conjugates. (a) Samples from before labeling 
(Bst2.0 DNAP and 6:1 Pore); after labeling (Bst2.0-TA and 6:1 Pore-TCO); fast D-A click reaction 
products (Rxn) and purified conjugates (NiNTA) are separated through a Bioanalyzer chip; (b) 
electrophoretic comparison between Rxn (blue trace) and NiNTA (red trace) to prove the efficiency of 
Ni2+ purification; (c) polyacrylamide gel for Rxn, NiNTA and 6:1 nanopore. Denatured conjugates or 
controls were run in the d lanes which show three major bands: K46C monomer with Bst2.0 DNAP 




The concept of nanopore sequencing relies on the electrical signal that develops when 
charged molecules translocate through a pore. Therefore the solution bathing the pores must 
contain electrolytes such as potassium chloride. It is thus critical to determine the polymerase’s 
tolerance towards this salt. A simple molecular beacon (MB) assay was used to determine the 
optimal salt concentration. A loop template was designed with a Tamra fluor on the 5’ and a 
DABCYL quencher on the 3’ end. A primer was hybridized to the MB labeled template. The 
molecular beacon signal was generated by DNA extension which opens up the loop template and 
separates the quencher from the fluor as shown in Fig. 4.16[23]. All the reaction conditions were 
kept identical to each other, adjusting only the salt concentration in the reaction buffer, from 0 
mM to 450 mM KCl. As seen in Fig. 4.17 a, the buffer without any KCl gave the most activity, 
even higher than the commercial isothermal amplification buffer (20 mM Tris-HCl, 10 mM 
(NH4)2SO4, 50 mM KCl, 2 mM MgSO4, 0.1% Tween® 20, pH 8.8 @ 25 °C). The activity 
gradually decreased with higher salt concentrations.  The highest rate of increase in fluorescence 
from 0 to 5 sec was obtained with 150 mM KCl (Fig. 4.17 b). Therefore, this salt concentration 
was used for further testing of the Nano-SBS system. In Fig. 4.17 c, the activity of the same 
amount of unconjugated commercially available Bst2.0 and Bst2.0 DNAP conjugated to the α-
HL nanopore were compared. There was only a slight decrease in the activity of the latter (3.091 
vs 3.694 RFU), indicating that conjugation of this polymerase to the pore was compatible with 
its use in the full Nano-SBS system.  
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Figure 4.16.  Scheme of polymerase activity monitored by Molecular Beacons[22]. A loop template was 
designed with a Tamra fluor on the 5’ and a quencher on the 3’ end. As the primer is extended, the loop 
template opens up and separates the quencher from the fluor allowing visualization of the fluorescence 





Figure 4.17. Measurements of polymerase activity monitored by Molecular Beacons[22] method. (a) Real 
time measurement of fluorescent signal generation corresponding to DNA extension rates. (b) Rates of 
increasing fluorescence were calculated for different salt concentration buffer solutions. (c) Comparing 




4.2.5.  Characterization of the current blocking effect of the tags in nanopore conjugated 
with Bst2.0 DNA polymerase  
4.2.5.1.  Discrimination of four 5'-tag labeled nucleotides at the single molecule level  
 After determining the optimized reaction conditions, using the Nano-Tag dNTPs and 
Bst2.0 DNAP-α-HL conjugates, measurements were made on a nanopore array instrument from 
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Genia Technologies to determine each Nano-Tag dNTP’s current blockade level. The results are 
described in detail in the methods section below.  
Bst2.0 DNAP-α-HL nanopore heptamer conjugates were inserted into lipid membranes 
formed over electrodes in the Genia nanopore array. A self-primed template and the single 
corresponding 5'-tag labeled nucleotide complementary to the next available base on each of 4 
templates were added to the cis side of the membrane. The tagged nucleotides will be captured 
by Bst2.0 DNAP and form a complex. At the same time, the tail of the tag will be positioned in 
the nanopore vestibule under an applied voltage, causing a current decrease compared to the 
open pore current. Fig. 4.18 shows an example of this measurement: (a) the self-priming 
template is looped at both the 3' and 5' end to prevent it from entering the nanopore resulting in 
background readings; (b) when the corresponding 5'-tagged nucleotide (dG6P-Cy3-T30-C3) is 
captured by the polymerase, the tag enters the nanopore and produces consistent current 
blockades from 15 pA open pore current to around 7 pA; (c) in this enlargement of the traces 
from 158 seconds to 160 seconds, the duration of the current blockades are seen to be in the 





Figure 4.18. Capture of single Nano-tag nucleotides in the Bst2.0-αHL complex. (a) The DNA 
SimpleBell substrate used in this experiment. The DNA strand is designed to fold back onto itself on both 
the 5' and 3' ends. The next available residue in the template strand is dC, which coincides with the next 
incorporating nucleotide being dGTP. (b) Ionic current blockades produced by dG6P-Cy3-T30-C3 with 
open current around 15 pA and a reduction to 7 pA when the tag is captured in the pore. (c) A magnified 
portion of five blockade events. 
 
 Four SimpleBell templates, which differ only in the first available position on the 
template, were used to test four different 5'-tagged nucleotides for their blockade current 
signatures (Fig. 4.19 column I). The analyzed results are shown in columns II and III. Each 
Nano-Tag dNTP has a distinct preferred current blockade level as ascertained by examination of 
several events for each template-tagged nucleotide combination (Table 4.1). An exponential fit 
y= A e-Bx was obtained from the histogram of events for dwell times (column III), where the 
reciprocal of constant B is the calculated average dwell time.  
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Figure 4.19.  Detection of correct Nano-Tag dN6P binding to the Bst2.0-primer-template complex. 
Column I depicts the four primer/template molecules, which differ only in the first available position on 
the template. Sr2+ is the only metal ion present in this experiment, so only ternary complexes will form. 
Column II shows probability histograms of residual current as a percentage of the open channel current 
for all events in the presence of polymerase and a single correct Nano-Tag-dN6P. Column III shows 
probability plots of events at different dwell time intervals. An exponential fit equation y= A e-Bx was 





Nano-Tag-dN6P I/Io Avg Tdwell [ms] 
dT6P-Cy3-T2-dSp8-T20-C3 0.5 to 0.6 16.9 
dC6P-Cy3-T4-dSp3-T23-C3 0.4 to 0.5 29.7 
dG6P-Cy3-T30-C3 0.3 to 0.4 28.6 
dA6P-Cy3-T4-FldT-T-FldT-T23-C3 0.2 to 0.3 16.9 
Table 4.1.  Distinct current blockade levels (I / Io) and dwell times (Tdwell) for the four nano-tag-dN6Ps 
tested.  
 
4.2.5.2.  Ternary capture measurements with two alternative 5'-tag labeled nucleotides at 
the single molecule level  
For the SimpleBell template, which has an adenine in the first open position, we 
measured the current blockades using two 5' tag labeled dT6Ps: dT6P-Cy3-T2-dSp8-T20-C3 (Tag 
1) and dT6P-Cy3-T25-C3 (Tag 2) (Fig. 4.20 a). The polymerase would be expected to capture 
both of the nucleotides with an approximately random distribution. The two tags resulted in 
different current blockade levels (at 20 - 30% of the open pore current, and 50 - 60% of the open 
pore current, Fig. 4.20 b). The previously performed individual Nano-tag experiments (Table 
4.1) provided us with a reference as to tag 1 (which is likely to be represented by the 50 – 60% 
blockade current in this experiment). Thus, the higher current blockade currents (20 – 30% of the 
open pore current) in this experiment would be expected to be the result of captures of tag 2. 
This is to be expected since Tag 1 has smaller diameter abasic residues in the key constriction 
zone of the α-HL nanopore. Fig. 4.20 c depicts the dwell times of all events: the calculated 
average dwell time was ∼30 ms, which was obtained from an exponential fit of the curve 
generated from the data. 
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Figure 4.20. Detection of correct nucleotides with two different Nano-Tags binding to the Bst2.0-
SimpleBell template complex. (a) The sequence of DNA template used and two different polymer tags for 
dT6P. Tag 1: dT6P-Cy3-T2-dSp8-T20-C3 and Tag 2: dT6P-Cy3-T25-C3. (b) Two distinct preferred current 
blockades occurred at 20 - 30 % for Tag 2 and 50 – 60% for Tag 1, which confirms the results from single 
Nano-Tag dN6P experiments. (c) Curve of overall dwell time for the experiment, where most of the 
events occur ∼30 ms.  
 
 
4.2.5.3.  Mismatch test 
For the experiments up to this point, only the complementary nucleotides were included 
in the solution. Here, three Nano-Tag dN6P nucleotides, none of which is complementary to the 
next base on the template strand, were used to conduct a mismatch test (Fig. 4.21). The template 
had adenine in the next position on the template, so the three Nano-Tag dN6Ps added were:  
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dA6P-Cy3-T4-FldT-T-FldT-T23-C3, dG6P-Cy3-T30-C3, and dC6P-Cy3-T4-dSp3-T23-C3.  The 
current blockade histogram showed very few large blockade events, and the majority of the 
“events” were very close to the open pore current.  The dwell time histogram showed the 
majority of events were shorter than 20 ms, which is in the background signal range. Out of the 
1041 measured events, there were 34.9% events in the usual recording range of current blockade 
and 19.8% in the typical recording range for dwell times.  Therefore, the overall error rates with 
mismatched Nano-Tag dN6Ps in this experiment can be estimated as 6.9%, the product of these 
two percentages. 
 
Figure 4.21.  The histogram of events when only mismatched Nano-Tag dN6Ps were added. Most of the 
current blockades (I /Io) were close to the open pore signal (graph on left) with dwell times shorter than 




4.3.  Materials and Methods 
4.3.1.  Effects of metal ions on ternary complex of polymerases 
4.3.1.1.  Materials 
Klenow Fragment (3' - 5' exo-), KF (exo-), with mutations (D355A, E357A) which 
abolish the 3'-5' exonuclease activity, was purchased from NEB. The oligonucleotide: 5’-
TGACTGAGCTCTGACTGCAGTAATGCAGT-3', where one of the bolded nucleotides (T, G, 
or C) is amino modified on the C6 position for future labeling with fluorophores, was ordered 
from IDT. Alexa-488 dUTP and the fluorophore Cy5 were both purchased from Life 
Technologies. All metal ions used in the experiments were purchased from Sigma, including 
MgCl2, SrCl2, 
€ 
CaCl2 ⋅ 2H2O, CrCl2, and 
€ 
RhCl3 ⋅ H2O . 
 
4.3.1.2.  Labeling and purifying DNA loop template with Cyanine5 (Cy5) 
To 140 µl of 0.25 M NaHCO3/Na2CO3 (pH 9.0) solution containing 50 nmol of Amino-
DNA, a 25 µL DMSO solution containing 0.5 g Cy5 monoactive NHS ester (~45-fold molar 
excess) was added and the mixture stirred on a shaker overnight at room temperature in the dark. 
The reaction mixture was purified through a PD-10 column (GE Healthcare) to remove 
unreacted Cy5. The collected fraction was desalted on an OPC column (ABI). The crude product 
(Cy5-labeled DNA) was purified by HPLC using an Xterra MS C18 2.5 µm particle size, L x I.D.  
50 mm x 4.6 mm column (Waters) with a linear gradient for 40 minutes from 100% A/ 0% B to 
0% A/ 100% B in 40 minutes (mobile phase: A, 8.6 mM Et3N, 100 mM HFIP in water at pH 8.1; 
B, 100% methanol) at 40 oC, at a flow rate of 0.5 mL/min. The purified product was identified by 
MALDI-TOF MS.  
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4.3.1.3.  Extension of acceptor labeled DNA loop primer-template with Alexa-488 donor 
labeled nucleotides 
To determine the maximum possible energy transfer signal for the designed system, 
polynerase extension using established conditions was carried out. The reaction contained 1250 
pmol DNA (5’-ACTGACTGACTGAGCTGAGACCTACGTAAGTAGGTCTCAGC-3’), 1000 
pmol dTTP-Alexa488, 1400 pmol of KF (exo-) in a total volume of 250 µL in 1X NEBuffer 2 
(50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1 mM DTT, pH 7.9 @ 25 oC) and incubation 
was for 30 minutes at 37 oC.  The same batch of extension products was used for MALDI-TOF 
MS and energy transfer measurements. 
 
4.3.1.4.  Fluorescence emission spectra 
Steady-state fluorescence spectra were recorded at 22 oC on a SPEX Fluorolog-3 FL3-22 
spectrofluorometer using quartz cells. Emission spectra of the DNA samples were measured 
using solutions containing 50 mM tris-borate, 10% glycerol and 0.1mM EDTA at pH 8.0. 
Complementary or noncomplementary dNTPs were present as required. Alexa-488 labeled dTTP 
was excited at 488 nm, and emission spectra were collected from 500 to 800 nm. 
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4.3.2. Design, synthesis and characterization of terminal phosphate Nano-Tag labeled 
nucleotides 
4.3.2.1. Synthesis of 2’-deoxynucleoside-5’-hexaphosphate-azides (dN6P-N3) and click 
reaction between 5’-hexynyl oligonucleotide tags and the dN6P-N3 
As previously shown in Figure 4.11, 6-Fmoc-aminohexanol (29, 1 g, 2.94 mmol) was 
coevaporated with anhydrous acetonitrile (2 x 20 mL) and then dissolved in triethyl phosphate 
(10 mL). To this cooled and stirred solution was added fresh distilled phosphorous oxychloride 
(550 µL, 5.88 mmol) and the mixture stirred for 2 hr at 0 oC. Tributylammonium pyrophosphate 
(5 eq., 15 mmol, 0.5 M solution in anhydrous DMF) and tributylamine (15 mmol) were added 
and the mixture was stirred for 20 min. The solution was quenched with 0.1 M 
triethylammonium bicarbonate buffer (TEAB, 200 mL, pH7.5) and adjusted to pH ~ 7. This 
solution was loaded on a Sephadex A-25 column and eluted using 0.1 M to 1.0 M TEAB buffer 
(pH 7.0) gradient. The appropriate fractions were pooled and further purified on reverse phase 
HPLC on SupelcosilTM LC-18-T (Supelco) 3 µM, 15 cm ✕ 4.6 mm columns. Mobile phase: A, 
8.6 mM Et3N, 100 mM HFIP in water at pH 8.1; B, 100% methanol. Started from 100% A / 0% 
B to 0% A / 100% B in 40 minutes. Purified triphosphate (30): 31P-NMR (D2O) δ: - 10.5 
[multiplet (m), 2P], -22.8 [triplet (t), 1P]. 
The Fmoc-aminohexyltriphosphate produced (30, 200 mg, 0.35 mmol) was coevaporated 
with anhydrous acetonitrile (2 X 10 mL) and then dissolved in anhydrous DMF (3 mL). CDI (4 
eq., 1.4 mmol) was added and the solution stirred at room temp for 4 hr. Methanol (6 eq., 85 µL) 
was added and further stirring was carried out for 30 min. To the above product (31), a solution 
of 2’-deoxynucleoside-5’-triphosphate (dNTP, tributylammonium salt, 0.5 mmol) in DMF and 
MgCl2 (10 equivalents, 3.5 mmol) was added. The reaction mixture was stirred for 18 hr 
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followed by the addition of 10% triethylamine in water (25 mL) to hydrolyze the Fmoc group 
(32). The reaction mixture was stirred further for 16 hr and the precipitated solid was filtered and 
the solution extracted with ether. The aqueous layer was concentrated and purified on reverse 
phase HPLC (see later section for details). The resulting products were characterized by 31P-
NMR: δ -10.6 [broad singlet (bs), 1P], -11.7 [broad singlet (bs), 1P], -23.4 [broad multiplet (bm), 
4P]. MALDI-TOF MS data (not shown): dA6P-NH2 (31), 832.0 (calculated 830.3); dT6P-NH2, 
826.0 (calculated 821.3); dG6P-NH2, 848.3 (calculated 846.3); dC6P-NH2, 807.0 (calculated 
806.0). 
dN6P-NH2 (32, 10 µmol), was dissolved in 0.1 M bicarbonate-carbonate buffer (500 µL, 
pH 8.7) and azidobutyric acid-NHS (25 µmol) in 200 µl DMF was added. The reaction mixture 
was stirred overnight and purified by HPLC using 0.1 M triethylammoniu acetate (TEAC) buffer 
(pH 7.5) and an acetonitrile gradient. MALDI-TOF MS data: dA6P-N3 (33), 942.8 (calculated 
941.4); dT6P-N3, 934.6 (calculated 932.3); dG6P-N3, 960.3 (calculated 957.4); dC6P-N3, 919.09 
(calculated 917.4). 
To 5’-Hexynyl-oligonucleotide[21] (obtained from TriLink, 500 nmol in 200 µL H2O) a 
solution of dN6P-N3 (32, 750 nmol) was added followed by the addition of copper bromide (50 
µL, 0.1 M solution in 3:1 DMSO/t-BuOH) and tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyl]amine (TBTA, 100 µL, 0.1 M solution in 3:1 DMSO/t-BuOH). The reaction mixture 
was stirred at 40 oC for 16 hr followed by HPLC purification using 0.1 M TEAC buffer (pH 7.5) 
and an acetonitrile gradient, and the tagged-nucleotide (25-28) was characterized by MALDI-
TOF MS and extension reactions. MALDI-TOF MS data (Fig. 4.13 b): dA6P-Cy3-T4-FldT-T-
FldT-T23-C3 (25), 11831 (calculated 11836); dT6P-Cy3-T2-dSp8-T20-C3 (26), 9817 (calculated 
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9809); dG6P-Cy3-T30-C3 (27), 10824 (calculated 10827); and dC6P-Cy3-T4-dSp3-T23-C3 (28): 
10419 (calculated 10414). 
For samples (25, 26, 27, 28, 32 and 33), the following HPLC method was carried out on 
SupelcosilTM LC-C18-T (Sulpelco) 3.0 µm particle size, 15 cm x 4.6 mm with 100% A/ 0% B in 
4 min, then linear gradient change to 70% A/ 30% B for 30 minutes, and finally 0% A and 100% 
B for another 45 min at room temperature at a flow rate of 1 mL/min. (Mobile phase: A, 0.1 M 
TEAC; B, 100% ACN).  
 
4.3.2.2.  Extension reaction using 5'-tag labeled nucleotides  
Extension reactions were performed using the following phosphate tagged nucleotides: 
dA6P-Cy3-T4-FldT-T-FldT-T23-C3, dT6P-Cy3-T2-dSp8-T20-C3, dG6P-Cy3-T30-C3, and dC6P-
Cy3-T4-dSp3-T23-C3, and a dumbbell shaped template-loop-primer (5’- GCGCTCGAGATCTCC 
TCGTAAGAGGAGATCTCGAGCGCACTGACTGACTGACCTCAGCTGCACGTAAGTGC
AGCTGAGGTCAG-3’). Each reaction was carried out at 65 oC for 30 minutes in 20 µL 
reactions consisting of 1.5 µM template-loop-primer, 1X isothermal amplification buffer [20 mM 
Tris-HCl, 10 mM (NH4)2SO4, 50 mM KCl, 2 mM MgSO4, 0.1% Tween® 20, pH 8.8 @ 25 oC], 4 
units of Bst2.0 DNAP, 2.25 µM natural dNTPs or 3.75 µM nano-tag nucleotides, with or without 
1 mM MnSO4. The DNA extension products were denatured at 95 oC for 5 minutes and then fast 
cooled to 4oC. The denatured extension products were separated in 15% TBE-Urea Precast Gels 
(Bio-Rad) run at 250 mV for 25 minutes.  
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4.3.3. Synthesis and characterization of Bst2.0 DNA polymerase with modified alpha-
hemolysin nanopore conjugates 
 To have a single functional Bst2.0 DNA polymerase covalently conjugated to nanopore 
specifically, one of the α-HL monomers had the lysine at position 46 replaced by a cysteine 
group to allow chemical bond formation with DNAP in the conjugation step.  Position 46 was 
chosen to convert lysine to cysteine (K46C) due to its exposed location and expected minor 
effect on protein functions (Fig. 4.22). At the same time, hexa-histidine (6X His) tags were 
introduced at the C terminus of the mutant α-HL monomers.  
 
Figure 4.22. The top and side views of mutation K46C on the α-HL nanopore with the red label 
indicating the location of the mutation.  
 
To obtain the optimal 1:6 ratio between the K46C mutant α-HL monomers and native α-
HL monomers, a 1:11 ratio was used for oligomerization. Lipid (1,2-diphytanoyl-sn-glycero-3-
phosphocholine, powder, Avanti Polar Lipids) was added to a final concentration of 5 mg/mL in 
50 mM tris, 200 mM NaCl, pH 8.0 for 30 minutes at 40 oC.  5% octyl-beta-glucoside (β-OG) 
was added to pop vesicles, as assessed by clearing, to solubilize the proteins. Then samples were 
concentrated using 100K MWCO filters and spun at 24000 RPM for 30 minutes to pellet the 
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precipitated protein. After equilibrating size exclusion columns (SEC) with 30 mM βOG, 75 mM 
KCl, 20 mM HEPES at pH 7.5, 500 µL of the concentrated samples were loaded at low pressure 
to separate heptameric α-HL nanopores from monomers. After concentration to 5 mL in two 
consecutive SEC columns, the samples were loaded on Mono S 5/50 GL (GE Healthcare) 
columns and FPLC used to separate α-HL pores with different subunit stoichiometries (Fig. 
4.23). The mobile phase consisted of: A, running buffer: 20 mM 2-(N-
morpholino)ethanesulfonic acid (MES), 0.1% Tween®20, at pH 5; B, elution buffer: 2 M NaCl, 
20 mM MES, 0.1% Tween®20 at pH 5. Purification was performed from 100% A isocratic over 
21 minutes followed by a linear gradient of 0 – 100% B for 20 minutes and then 100% B 
isocratic over another 2 minutes. The flow rate was 1 ml/min. The retention time for the 6:1 pore 
was roughly from 24.5 min to 25.5 min.   
 
Figure 4.23.  FPLC separation of different ratios of heptamer between wild type and mutant C46 
monomers on a Mono S 5/50 GL (GE) column. As wild type α-HL (7:0) elutes first, followed by 
increasing ratios of C46 in the heptamer. 
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Attachment of 6’-methyl-tetrazine-PEG4-maleimide (Jena Bioscience) to Bst2.0 DNA 
polymerase was carried out as shown in Figure 4.13. After exchanging and concentrating 580 µg 
Bst2.0 DNA polymerase (NEB) with phosphate reaction buffer (100 mM sodium phosphate, 150 
mM sodium chloride, pH 7.2) using a desalting spin column (10K MW cutoff) to around 100 µl, 
a 100-fold excess of 50 mM 6’-methyl-tetrazine-PEG4-maleimide in DMSO solution was added. 
Following incubation at 4 oC on a rotator overnight, 1 M DTT was added to a final concentration 
of 5 mM and incubation was carried out for 30 minutes at room temperature to quench the 
reaction. The resulting reaction mixture was purified on a Sephadex G50 column with collection 
of the appropriate fraction.  
For attachment of TCO-PEG3-maleimide (Jena Bioscience) to 1:6 pores, 300 µg of 1:6 
pore (expressed and purified in our lab) was exchanged with phosphate reaction buffer (100 mM 
sodium phosphate, 150 mM sodium chloride, pH 7.2) using a desalting spin column (100K MW 
cutoff), concentrating to a final volume of ~ 100 µl. A 100-fold excess of 50 mM TCO-PEG3-
maleimide in DMSO solution was added. After incubation at 4 oC on a rotator overnight, the 
excess TCO-PEG3-maleimide was removed using a Sephadex G50 column with collection of the 
appropriate fraction.  
Nanopore-Bst2.0 DNAP conjugates were prepared using an efficient Diels-Alder 
chemistry: the conjugation of tetrazine-labeled Bst2.0 DNAP and TCO-labeled 6:1 α-HL pore 
was carried out for 60 minutes at room temperature with tetrazine-labeled Bst2.0 DNA 
polymerase in 5 fold molar excess, then stored at 4 oC overnight. The final conjugate was 
purified through a PrepEase Histidine-tagged Protein Purification Mini Kit- High Yield column 
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4.3.4. Characterization of Bst2.0-nanopore conjugates with 5’-phosphate tagged nucleotides 
Terminal phosphate-tagged nucleoside 5’-tetra-, penta- and hexa-phosphates with a variety of 
tags were designed and synthesized and then tested in the polymerase reaction and the optimal 
ones were selected for nanopore detection.  
 
4.3.4.1. Detection of polymerase captured 5'-tag labeled nucleotides in nanopores 
Nanopore-Bst2.0 polymerase conjugates were produced as described above. They were 
stored in 1X PBS buffer at 4 oC. The lipid used for phospholipid bilayer formation on the Genia 
chips (1,2-diphytanoyl-sn-glycero-3-phosphocholine, powder, Avanti Polar Lipids) was 
dissolved in decane at 15 mM before use. The 83-mer SimpleBell templates have the sequence 
5’-GCGCTCGAGATCTCCTCGTAAGAGGAGATCTCGAGCGCACTGACTGXCTGACCTC 
AGCTGCACGTAAGTGCAGCTGAGGTCAG-3’, where X, the first open position on the 
template, could be any one of the four bases A, C, G or T. The same solution to dissolve DNA 
(150 mM KCl, 3 mM SrCl2, 20 mM Hepes, pH 7.5 at 25 oC) was used as the electrolyte solution 
for ion channel measurement. 
All current-time recordings were carried out on a Genia integrated circuit (I) chip-station 
(Genia Technologies, Mountainview, CA) shown in Figure 4.24. The nanopore array platform 
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consists of a 264 sensor semiconductor integrated circuit packaged dry in a simple fluidics 
package along with the Genia Reader instrument. The chip is manufactured in a standard CMOS 
process with proprietary surface modifications to allow for constant contact with biological 
reagents and conductive salts. Each Ag electrode sensor on the chip is within a single well, 
allowing formation of a phospholipid bilayer between silver/silver chloride elecrodes, and is 
individually addressable and scalable to denser array counts. 
 
Figure 4.24.  The Genia chip array system, where the sequencing reactions were carried out. (a) The 
Genia integrated circuit, compared to a US penny; (b) the zoom-in view for the circuit, which has 264 
sensor positions; (c) each sensor contains a single electrode within a single well.  
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After painting a lipid bilayer across the 264 wells on the chip using 15 mM 1,2-
diphytanoyl-sn-glycero-3-phosphocholine, a thinning process was initiated by pumping air 
through the cis side, thus reducing multilamellar lipid membranes to a single bilayer, which was 
functional for protein channel reconstitution.  A ramping voltage from 0 to 1000 mV was applied 
and a typical single bilayer would temporarily open between 300 to 500 mV.  
A mixture of 0.05 µg of protein conjugates with 3 µM DNA template and 30 µM tagged 
nucleotides were added to the cis side of the chip after forming the lipid bilayer. The pore-
polymerase conjugates were inserted into the lipid.  100 mV (cis vs. trans) was applied across 
the chip-board between two Ag/AgCl electrodes placed on either side of the membrane and pore. 
Signals representing different current blockades were recorded.  
 
4.3.4.2.  Data analysis  
Events were extracted using proprietary software and further analyzed in Microsoft 
Excel. Two types of histogram plots were generated based on the number of events versus (1) 
blockade amplitudes as percentage of the open pore current, and (2) dwell times in milliseconds. 
Blockades that lasted longer than 10 ms and reduced the channel conductance from 0.6 to 0.2 
were deemed to be indicative of productive nucleotide capture by the Bst2.0 polymerase. 
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4.4.  Conclusion 
In this chapter, a novel SM electronic DNA SBS approach using Nano-Tagged dN6Ps and 
nanopore detection was investigated. Four unique Nano-tagged nucleotides were synthesized, 
which were recognizable as DNA polymerase substrates to produce unique current blockades in 
α-HL nanopores. Studies analyzing the effects of metal ions on ternary capture point to the 
possibility of achieving longer dwell times of the Nano-Tags in the nanopore, which is essential 
for separating signals due to free nucleotides from the captured ones. Bst2.0 DNAP was shown 
to accept the Nano-Tag dNTPs as substrates for DNA extension, and was used in all further 
studies.  Construction of conjugates of the nanopore with DNA polymerase to allow rapid tag 
capture is another fundamental requirement of the Nano-SBS method. This requirement was 
addressed using a fast click (Diels-Adder) chemical conjugation method and tested the ability of 
Bst2.0 DNAP to maintain its function in the conjugated form. Finally, proof of principle data for 
the Nano-SBS approach were generated for ternary capture signals from a single correctly paired 
nucleotide with a long 5’ tag, as well as correctly paired nucleotides with two different tags, and 
three incorrectly paired nucleotides.  
There are still elements of the Nano-SBS approach that need to be studied and improved. For 
example, new Nano-Tags are being designed to produce more distinct current levels by adding 
charges and/or changing their diameter around the constriction site in the nanopore barrel. Also, 
by exploring different polymerases or carrying out mutagenesis of existing Bst2.0 DNAP 
combined with alternative catalytic metal or salt ions, we might achieve longer capture times and 
more processivity, resulting in longer reads. At the same time, the conjugation method could be 
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further modified, including testing different linkage lengths, alternative purification methods and 
even two points of attachment instead of one.  
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Chapter 5. Summary and Future Work 
The ultimate goal of this thesis research was to contribute to the development and 
improvement of new DNA sequencing methods. I focused on the specific method of sequencing 
by synthesis (SBS). Nucleotide reversible terminators (NRTs) are the key component for the 
most commonly used SBS method. A good set of NRTs has to meet the following requirements: 
they need to be recognized as a good substrates for incorporation by polymerases with high 
efficiency; the reporting groups need to produce signals that are well separated from the 
background, and should be able to distinguish four different signals among the four bases; and 
the blocking group needs to not only pause the further extension reaction completely, but also be 
easily cleavable so as to continue with the next round of extension.  
As demonstrated in chapter 2, a novel set of NRTs, 2’-P-NTPs, has been designed, 
synthesized and analyzed for SBS. These NRTs can be incorporated into both DNA and RNA-
like templates in the presence of SfM19 polymerase. The negatively charged phosphate group on 
the 2’ position of the sugar ring can efficiently block further extension, and after detection it can 
be removed by the phosphatase reaction. This new design has three major advantages compared 
to the traditional 3’ modified NRTs. First, the modification of the nucleotide is at the 2’ position 
of the ribose ring, which leaves the 3’-OH group untouched, should allow improved binding to 
the polymerase relative to nucleotides with blocking groups at the 3’ position. Secondly, the 2’-
phosphate can be completely removed by a biological enzyme under relatively mild conditions at 
a fast speed. Last but not least, the broad temperature range for incorporation also allows 
potential direct sequencing of RNA-like templates.  In the future, depending on the desired 
detection method, different detection groups could be added to the 2’-phosphate group including 
 150 
fluorescent dyes, Raman reporting groups, etc. After measuring the signals, the detection groups 
can be removed at the same time as the blocking group. Thus the tags will be washed away and 
the next round of extension will proceed producing its own signal.  
In chapter 3, surface enhanced Raman spectroscopy (SERS) was explored as a new 
detection method for DNA sequencing.  Using an azidomethyl group as the blocking group on 
the 3’-position of the sugar ring of the nucleotide and with the azido moiety serving as a Raman 
reporting group, DNA SBS data were generated using SERS. With the recent developments in 
surface enhanced Raman spectroscopy, the sensitivity has increased dramatically, approaching 
single molecule sensitivity. Compared to large bulky fluorophore labeling, the small Raman tags 
will enable more flexibility at the 3’ position of the nucleotide and permit a single cleavage 
reaction to eliminate both the blocking group and the signal moiety.  As a further innovation, we 
could use different chemical groups with distinct Raman signatures to label the four nucleotides 
(A, C, G, T) to reach the final goal of 4-color DNA SBS by SERS.  
 Approaches to further develop and optimize the Nano-SBS technology were described in 
Chapter 4. This method combines the advantages of the accuracy of SBS and single molecule 
sensitivity of nanopore detection. The nucleotide analogs used for nanopore detection have 
Nano-Tags that are about 30 bases long attached to the terminal phosphate group. Each of the 
Nano-Tags produces a unique nanopore current level under applied voltage. While free Nano-
Tag dNTPs can flow rapidly through the pore, the incorporated ones are captured by the 
polymerase and will have at least 10-fold longer dwell time (from µs to ms) in the pore that 
affords enough time for measuring and discriminating the signals. A cleavage step is not required 
since the Nano-tags are automatically removed during the extension reaction as the α-phosphate 
is attacked by the 3’-OH of the primer. This decreases the overall sequencing time and leaves the 
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primer in its natural form, which will increase the read length dramatically. I also evaluated a 
DNA polymerase, Bst2.0 DNAP, which performs DNA extension using these Nano-Tag dNTPs 
as substrates at room temperature. A conjugate of mutant α-HL nanopore with Bst2.0 was 
produced to help rapidly capture the tags during and after its incorporation into the growing 
DNA chain. Further research development effects optimize the Nano-SBS approach. The 
ultimate goal will be to have four stable Nano-Tags with well-separated signals for building a 
rapid, cost efficient single molecule electronic nanopore SBS platform.  
 
  
